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FOREWORD

Today we no longer ask, "Will computers be used in the schools?" We know
that they are, and that they are being purchased by schools faster thaniwe
can keep count. Indeed, surveys:of computers in schools'are outdated by the
time they are published. The computer has excited-administrators, teachers,
students, and parents in a way that no other educational tool, theory, or

'curriculum has before.

With :this rapid adoption. of microcomputers, more questions have been raised
than have answers, however. What are the optimum ischool uses to which
microcomputers can and should be put? What does research in learning
theory,:_cognitiOn, motivation and artificial intelligence have to say

about. how COiiiputers affect learning? What. approaches can be taken in
various disciplines to maximizethe_ computerfs effectiveness? HoW can
schools most efficiently integrate.these ---fiiidings_rinto their instructional
programs?

/7-\

It was with these.qu/ef2t1 ons in mind that the Department of EduCation invited
a group of educational researchers and practitioners to theresearch con
ference "Computers in EduCation: Realizing the Potential" at the UniVersity
of Pittsburgh in late November 1982. The results of that conference are
summarized in ,this Chairmen\s Report.

We are pleased to- share'the
\
results of .thiS important research conference

with the eduCational communitY4 On behalf of the Department.of Education, I'
would like /to extend our sincere thanks to those participating scholars and
educational practitioners who b "rought so much;w1sdom,.experience, and common
sense to the conduct of this conference.

ponald J. Senese
ssistant,Secretary for Educational
Research and Improvement
U.S.. Department of Education



CHAIRMEN'S PREFACE

In November, 1982, The Department of Education invited forty people to a
special conference:on the future of computers in education and the research
needed to realize:the compute,r's potential. There were computer scientists,
psychologists, other educational researchers, teachers,'schOol administta7-
tors and parent representatives. A se.t-ef invited papers {published in the
proceedings of this conference) and an ex,zellent series of software. demOn-
strations provided .a good foundation for our discussions.

The participants discovered quickly that they agreed on a number of.issueS
Theicomputer is perhaps the most exciting potential source of educational
improvement in centuries. Although most currently available Applications
for schools are mediocre,' the possibilities for significant uses are,imPres
sive. The agenda for research, our primary charge, was easily agreed:upon,
Many.Of us also stressed the need to develop teachers'. abilities to use com-
puters. and the need to make rich computer environments accessible to
teachers,. parents andchildren of allsocioeconomic leVels. Many of the
participants worked extremely hard to build a coherent set of recOmmenda
tione;...some attended sessions all day and drafted recommendations a good

'part of the night. Without these effOrts, this report wouldihave been
extremely difficult to write.

This report benefited-from_the dedication of'many people. The Secretary of
Education, Tetrel Bell, and A istant Secretary'Donald Senese shqwed great
cOne-e-ift-for-issues of educational technologyand kept us motivated in our
efforts. We, hOjoe that we and the other participants have produced recommen-
dations,:they-'-canuse. Arthur Melmed, John Mays,Sus-*Chipman,,And Joeepho
Psotkafilied the difficult:: multiple roles of government representatives,
conference organizers,, critical reviewers, and -colleagues-. Jilt-Larkin and
Jean Dexheimer helped lay, the groundwork for the meetings' and prodiiced an
excellent stateofthe7art saMpling of instructional computer software. Ms:
Dexheimer and Richard Wolf were responeible for.; several rooms full of
reliably- working computersOr demonetratione.HTheinivereity of Pittsburgh
and -Carnegie7MellOnniversity ptoyided excellent- facilitiesfor:/the
meetings. Rebecca Freeland, Gail Kratt, :Steve Roth, and carol White:piovi-
ded the highest_ levelof:staff,support at,the:.conference,Hand White
providedtechnical -editing for this report... The summary was. prepared with
the help of John Mays, and Kathleen:- Fulton` : coordinetedall details
regarding_publicatiofi-ofT-therfullrepert. We thank them all and hope that

-77-their efforts result in the)cinds of exciting educational imPrOvements that
we ,believe are possible.

Alan Lesgold
Learning Research and Development
,center

University of Pittsburgh

Frederick-Reif
Physicsj)epattment
Unkversity of California,
Berkeley
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SUMMARY

INTRODUCTION

The computer is a one-in-several centuries innovation. The, low cost

wide. of the computer, coMbined with other technological
scientific advances, is changing the nature of business, industry,

everydaY life.

and
and
and

Preparing students for this new world makes strong demands on education, at

a time when the cost of education is rising more rapidly than other prices.

Fortunately the computer, combined with new knowledge of human thinking and

learning, provides new means for meeting these needs, and eventually for

increasing the productivity of education.

Realizing the full potential of the computer in education requires ground-

breaking research that will allow educators and manufacturers to proceed

confidently in the development of advanced computer-based materials for the

achdols. Earlier Federally supported research provided the basis for the
computer-aided instruction of the last decade and a half.- Another such

research program is now needed to take advantage of the vastly increased

capability of affordable computers.

This report proposes a variety.of research activities needed to provide a

basis for achieving the potential of the .computer in education through

refining basic principles for omil.puter-enhanced instruction and demonstrat7

ing the effectiveness of these principles.

NEEDS AND OPPORTUNITIES.

Educating for a High Technology Future

We appear to be raising a generation of Americans many of whom lack the

understanding and the skills to participate fully in the technological world

in which they live and work..

The scientistaand.engineerSho will provide the new knowledge and ideas

required to Maintain:outHworld:leadershipwill need Jr1Creasingly:sophieti..-.

catededucationinsciende:And 'mathematics:. -.Jiany others mustioe.given the-

baCkground 'necessary: tOlbuildiMaintain,:and use the technological devicei:

that are increasingly parmeating businesp andjndustry.:All of usr:need new

knowledge to deal adequately with the products of:technology in daily life

and tO:partiCipateas:Citizens,in the:increasing number of decisionsinvolv.-

ing-science and technology.

TherapidChangeS brought about by ::sCience and technolOglyandtha,rapid:
expansion of knowledgerequire new emphases in education.The well7balanced':

citizen and :Worker 'will:need:skills:in using COMputera, selectingapprdpri
ate'infOrmation,reaaoning: abstractly, solvingoblema and learning inde

pendently.



This demand forexcellenee, and for new educational forms and content, comesat a time when many: good teachers are abandoning education for higher-.
salaried fields, and the.better'students are tending not to enter the teach-
ing profession. Shrinking budgets make schools reluctant' to .purchase
.Odurseware that has'not been proven in other schools, and make the school
market an una tractive one for firms. which might develop sophisticated
computer-baSed teaching materials.

Potentials for rovement

Recent technologi,cal,and scientific advances create a unique opportunity for
meeting these new\educational demands.

_

The cost of computers is falling rapidly. The
for instruction in a

. systems with good grap
ly, projecting .trends i
tiohal power equivalent
available in'a microproce
tems now available for un
54,000 full color images r

first dedicated computer used,
school cost a third of a million dollars.* Current
ics cost about a thousand dollars. It apPears like

hardware and software technologies, that computa:
to that of present c:115, super- computers will be'
SOr system for under $1100 by1990. Videodisc sys-.
er a $1000 allOw almoet instantaneous access to
corded on a disc costing $20 to $30.

In recent years there has. come into being a new cognitive science. This
interdisciplinary, field involves the psychology:Of human comprehension,'
problem-solving, and learning; artificial intelligence (the science OfHcom-
Puter systems-that exhibit understanding and 'problem7solving.Skills);
guisticsi'and bthet.related fields. CognitiVe science is beginning to pro
vide a firm foundation of knowledge about how human'Iceings comprehend when
they .read and observe, 'how they go about solVing problems, and how they can
best be helped to become skilled in these and other highet-level
tual activities.

By exploiting the new technologieeancl.building-on new insights intojiuman
intelligence and its development, education: can beMade much more effective
and able to meet thenewchallengeelt:faceS, :-The following are example's of

-.major educational opportUnities presented by the comPuter.H

o-.Tutoring... Thecomputer can be an excellent tutor. It is patient and
can adapt to students' individual capabilities. Recent progress in-
develoPing amputerbased7expert systems7 is being extended to tutor7,
ing, and the ability of coMputeis.to ".understand" ordinary written and
even spoken language is being, impeoved Thus we can expect tutoring
eystems to have increasingly refined 'teaching strategies and
-capabilities to communicate' with 'students...

o Exploratory learning environments..-Computers.rcan be:used to prOvide
new"learning:environments" in which etudentscan perform simulated
experiments quickly, .inexpeneivelY,. and:.withoutdanger.' They can
explorenew.:ide4s and "learn by doing" in contexts that are tailored
to their current capabilities.



o Diagnosis. Computers can be used to diagnose an individual student's
current knowledge, thinking strategies, and learning capabilities.
This assistance can be very helpful to teachers in devising appropri
ate learning activities for the student.

o Networks. By connecting computers inexpensively through new tele-
communications technologies, it is possible to create intellectual
communities without regard to participants' physical locations. For

example, students who are handicapped, have special interests, or need
gifted colleagues could interact with other students with similar

needs 'through a computer network. Schools without a major library'

could be given access to °an electronic information bank. Teachers

could improve their teaching by sharing ideas and experience with one
another.

o Tools for students and teachers. Computers are powerful intellectual

tools. In addition to performing calculations, they are becoming able

to manipulate equations, they can facilitate writing and encourage the

sort of revision that is essential + developing precision of lan-
guage; they can retrieve information from large data bases and provide

instant access to the meaning of words and concepts, These

capabilities allow shifting of emphasis from routine skills - to more

sophisticated thinking processes which will be more, necessary in the

future.

o Game technologies.
practice, although
development require
being used in a

results.

Computer games can provide motivation and

their effects on children's cognitive and affectiVe
further study. Arcade game techniques are already
few- areas of military training, with promising

o Helping ^ with administrative tasks. Teachers are, inundated with

record-keeping chores 1hich use time and energy that could be spent in

teaching. Computers can handle many of these routinely, freeing

teachers to teach.

REALIZING THE POTENTIAL

The possibilities we have described are based on our knowledge of recent
developments in artificial intelligence and .other .areas of ,computer science,

in the cognitive psychology of instruction, and in computer technology.

However, considerably more work is essential for these possibilities to be

realized. The basic conclusion of this confererce is that striking im

provement in the quality and troductivity of education through computer-
based instructional systems is attainable, but only with a national invest-

ment that continues reliably for several years..

Research undertaken to exploit the educational applications of computers can
also 'guard against the discrediting of, promising ideas by poor. implementa-

tion and against.. harmful use of technology. Education in, the computer age

must not result, in students' being isolated from one another by electronics,

bored or confused by poOrly designed software, or rendered passive by ..sys-

terns which do not promote exploration or initiative. \



We recommend that' the Federal goyernment
suppprt a coherent,effort to build

exploratory` prototypes of the intelligent instructional systems that arepossible,. Such prototypes can: provide:
Sf

o the necessary knowledge and experience for subsequent development of
instructional systems and materials byyrivate industry and schools

laboratory settings for needed fundamental research on:
.

,
,

processes involved in: skilled,:_.reading4 writing,-.. mathematics,
;&Science and other inteliectdai Activities;

new ways to adapt instruction
differences in aptitude

,and progress in learning, and

the psychology: of student and teacher interaction with automated
instructional syttems.

Prototype Research

The. substantial educational promise in Oomputer technOlogy and the cognitiye.'.

sCiences comes, largely from laboratory retearch'and from technologies that -:.:,.haveYet tobe.fullyexplOited in .HclassrOoms The Text step is prototype
.,.,

research; in .4hiCh the tratic'princiPles'are , refined by 'trying them out in-pilot applications To'be most useful:; prototype. research-.should - allow:teachers, school adMinittrators, ,and students to contribute their 'owl ideasto the
-t

work. Projects '`should be conceived as a partnership-...invOlving
'

retearchersia.school systeM, and in some dasea.Private-Companies:
I P .

,

Examplet ofHprototypes to be exgOr'ed, of.the sorts listed-in,an earlier.section ahoye, Are described in' somedetail in the Chairmen's Report
I ' .

.

Associated.Fundamental Research

If we are:tc.-:realize the potential Of:computer technology for helping stu-
dents achieve high levels of,Capability,in mathematiCs, sciencereading;and Writing, we need fundamental research of severaIkinds,-We limit our
recoMmendations:here:.tospecific activities from which we expect shorter-
terMley-off: HenhancedHdesign principles for, human- computer tystemtfor.

'education. We also .strongly urge thattheresearch integrate the insights
ofiteachers:andother educators with those oftOientists The development''"
of Useftil.:systems:isTill rest.-on::the.twin pillarc of.practicaI;.and theoretical ''knOwledge

Research on Cognitive Issues

Various fv.iiiful lines of research are greatly improving our.understanding
of the thinking procesies needed for learning, sophisticated .concepts and forsolving Problems. This research must be 'continued in the;:J: context of
computer-based education, Examples include:



o Expert. and novice thinking. Recent studies in science education have
revealed that students approach learning tasks with many prior Con-

.

ceptions, based on their life experienCe, which can be obstacles to
new. learning. These conceptions are very resistant tos change. We

heed to understand WhYStudents' conceptions persevere 'so strongly and
how they can best be modified.

o Comprehension and writing strategies. Even secondary students have
difficulty summarizing texts, defining main points, skimming texts to
abstract information quickly, taking notes, and planning and revising
compositions. We envision computer aids that will help. students
develop these higher-level skills,, but improved understanding is first
required of the cognitive proceSses underlying advanced reading and
,writing.

o Knowledge structure. Recent work in cognitive science reveals that
the manner in which knowledge is, structured in a person's mind can
greatly affect the ease with which it can be used in various
ectual tasks. We need to knoW more, about how we should organize and
teach basic knowledge so that it is easier to recall' when needed to
solve_a problem and easier to add to, as more experience and knowledge
are gained.

o Mental models. "Mental models" are relatively simple conceptual

schemes developed by individyals to explain, -predict, and control

phenomena they encounter. We need greater understanding of mental
models people have for various intellectual tasks, as such models can
be used in computer systems that allow people to work on complex prob-

lems using simple but -powerful metaphors.

o Cognitive psychometrics. If we are to.. take advantage of the ability
of computers to carry out complex diagnosis of student abilities and
difficulties, new psychometric mudels based on cognitive components of
school subject matters, must be developed. As we discover powerful
diagnostic procedures, we will be able to combine them with coaching
and tutoring systems to correct the deficiencies found'.

Other:Research Issues

A variety of other issues must be addressed -through research if we are to
realize the full potential of the computer in education. Examples include:

o Motivation. Research is needed on the motivational consequences of
computer-based instruction, teacher-led instruction, student group
activities, and individual deskwork so that we can create a proper
balance in the classroom.

.

o Introducing computers into education; We need to know more about
social and psychological factors affecting the introduction of compu-
ters into schools.

o Computers as aids,..to the teacher. Explicit attention is needed to
making the' computer helpful to teachers, in particular as a means of



increasing teacher productivity, corresponding to increased prOduc-
tivity in other professions. The conference report stresses the need
for well designed teacher training activities..

o Professional education Of-teachers. New models are needed for effi
ciently training teachers in computer education on a massive scale.

o Prototype school and classroom designs. ReSearch is needed on the.
beet ways of organizing computer- enhanced education inside and outside
the sChool.

o Quality assurance and evaluation. Quality guidelines should be estab-
lished far authoring systems, for instruction' and assessment, for
selecting software programs, for field testing and evaluating in
school settings, and for 'developing- software in the private sector.
Long-term evaluations are needed of the effects and effectiveness of
computer-based instruction in schools and. with:home computers,. with
special attr:ntion to the possible creation of gaps between students of
different economic status,

IMPLEMENTATION OE RESEARCH

The essential basic and-'prototype research activities proposed here will
require special stimulus and-support. As incentivesfor private investment.
in research on computer applications lie in directions that promise greater
economic return to the investor (e.g.,.office automation), Federal support
for research. in educational applications is essential. The talent available
for the,proposed work is limited, and care will be required to assure that
requests for proposals attract the heSt available investigators.

The successful application of computers to education will require expertise
in subject matter, in teaching, in computer technology, in cognitive
science, and in design. It' is therefore necessary- to provide means for
bringing individuals with these caPabilities together into team efforts.

To accomplish this objective we recommend establishment of at least tworesearch centers dedicated to applying technology and new knowledge of human
cognition to improving education. The centers should have a strong resident
staff and continuing involvement with teachers and schools. There should be

iprovision for temporary appointments for visiting investigators, master
teachers, and persons from the private sector, some supported by the center
and some by other sources.

If these centers are established in university environments, it will make
possible new graduate training programs linked to the research prograes,
which will prepare a very valuable new type of educationalopractitioner with
in-depth knowledge of teaching, learning, and technology.

To ensure a healthy competition between ideas as well as good geographical
access, two centers' are recommended, one predominantly for research on new
applications of the computer in reading and writing, and one predominantly
for comparable research in mathematics and science. Each center 'should



maintain good cominuAication with the other and could also have some work in

the other's primary Ixea so that interactions among the areas would not be

overlooked.

To assure that good ideas :for research from any source can be supported,

.thee,-7 should:be an open research gfantsprogram complementing the centers.

ti



CHAIRMEN 'S REPORT



INTRODUCTION

Nobody really needs convincing these days that the -compu7
ter is an innovation of more than ordinary magnitude, a one-in-
several-centuries innovation and not'a One-in-a-century innova-
tion or one of these instant revolutions that are - announced
every day in the papers. or on television. 'It really is an
event of major magnitude.

Herbert A. Simon

New technologies alter. the forms of knowledge and. productivity that are
imiOrtant.to society. The printing press. led to the devaluation of human's
as memorizers and to,increased rewards forthose who had important ideas.to
share. The steam engine led to the devaluation of humans as sources.. of
mechanical power and.to increased rewards for those who creatively used the
new machines. The computer is now resulting ir, the devaluation of routine
information-processing activities done by humans. However, there are great
rewards, for those who can creatively exploit the new. information
technologies.

As happened with the printing press and the steam engine, society is also
being disrupted by the computer. Those MI6 enjoyed high wages and regard
because of their expertise in routine data processing tasks are being pushed
aside, creating the dangers associated with a displaced middle class. Our
existing educational system is under great pressure. It has not increased
its productivity as other sectors of society have; educational costs have
risen inordinately relative to those in other areas of the economy (in 1982,
prices in general rose less than 4%, while education-related consumer costs
rose 12%). we also have not succeeded in educating enough people who can
adapt to technological changes. Ironically; there are many unfilled high
technology jobs at a time when-many people are unemployed.

Fortunately, the computer itself can help our nation out of this predica-
ment. Just as the advent of printing created new tools for learning, so
can the computer. The price of computer,power is dropping rapidly. Fur-
ther, the scientific underpinnings exist forthe effective educational ex-
ploitation of this power. It is time to act on these potentialities. This
report recommends relatively modest undertakings that,can greatly increase
the quality of the computer's contribution to education.

There is an important .role for the Federal Government in stimulating devel-
opment of quality computer resources for education. The educational compu-
ter tools that are available today fall short of what is needed. Unfortun
ately though, they are yielding relatively risk-free profits for those who
make and sell them. On the othei hand, realizing the potentials described
in this 'report will requite significant risks. Prudent business leaders
will not begin taking those risks until there are demonstrations of success.
Technological and educational principlei must be claiified.' There must be
evidence that products embodying such principles are effective.



Indeed, many of the best programs now available would not have come about
without earlier government research investments. Those 'investments were
made before the'. possibility .of inexpensive )microcomputer' technology was
evident. They showed schools and the .private sector the valued of even
minimal 'levels of expensive computer power. A similar investment is now
needed to raise the nation's sights once again. The educational possibili7
ties of plentiful computer power and improved display systeMs must be evalu-.
ated. In this report,.a plan is proposed for refining and demonstrating
basic principles for computer-enhanced education.

NEEDS AND OPPORTUNITIES

Educating For A High-Technology Future

We appear to be raising a generation of Americans, many of
whom lack the understanding and the skilld to partictpate fully
in the technological world.in which they live and work....:,The
current and increasing shortage of citizens adequately prepared
by their education to take on the tasks,needed for the develop-
ment of oureconomy, our culture, and our security 'is rightly
called a crisis....

National Science Board COmmission on Precollege Education
. in Mathematics, Science, and Technology, 1982

A society increasingly dependent on computer power and other new information
technologies will require:new educational emphases. Future scientists and
engineers,who will provide. the knowledge and innovation' by our
industries, will need more_sophisticated science and mathematics education.
Many other people must be taught to build, maintain, and use the
technological devices on which our society is coming to depend.HUl of our
children need new knowledge in order to deal adequately with the .products of
technology in daily and we adults do, too. Ascitizens,.we shall need:
to understand the scientific principles underlying important public
decisions.

The new .education .we different frOm V our schools
now provide. Instead ofmemorizing information,StUdents must be taught how
to find it:and Use.it.'.iThis'ie becauSe the.verk nature of knowledge*has
Ohanged a child or yoUng adUltbylearning a large body
01: facts and specific :prOcedures, could aseure--alitetime livelihood.
Today,'Many people,'tindthat:their skills' and knowledge quickly became
Obsolete; the capabilities,:needed: for economic productivity keep changing.

The knoWledge.neededt6 earn a living,has:becOme more abstract and symbolic.
The tools. of the indUStrial Age:- levers, gears-, chemical reactions, and
evenjeledtricaldevices - Couldte seen.:anditouched, Today, our world is
dominated by prodesSes that:occur on less observable scales of time and
size, We cannot Watchi.thelprocessOr chip in a home:computer, nor .-:can we
watch gene-sPliCed bacteria,make insulin.



Schools have been most successful at teachingfactual information and fixed
procedures, such as arithmetic. - In the past; they were not asked to provide
universal,high-level intellectual preparation. However, in .a world driven
by more information than can be taught, by rapidly changing knowledge, and
by deeper abstractions, this is what they must now be asked to do. The
welleducated- future citizen will .be adept at selecting information,
reasoning abstractly, solving problems, and learning independently. To
teach such skills'effectiyely is a major educational challenge. Bxcellence,
in education can no longer be measured by counting the number of facts a
student has memorized. Rather, the criterion must be the ability to sort_'
through bodies of information,- find what lsJleeded,and use it to solve novel
problems. ..We must ensure that students emerge frod our schools With more
than superficial understanding; they'will need usable core knowledge and the
ability to apply it flexibly to real situations.

This demand for changes in educational forms and content comes at a time
when schools face severe economic pressures.: Budgets are shrinkin.: Good
teachersare abandoning education for higher-salaried fields, and the better
students are not entering the teaching profession. We know that teachers
need to learn new content and teaching methods ifwe are to succeed as a
technological society. But, neitherschool systems not teachers can afford
the costs of this professional development. We know that computers can be
usefUl in schools, but experimental innovationSthat have yet to be fully
proven must compete fOr funds with light bulbs, and chalk. In addition, low
equipment and Supply allocations (currently about 0.7% of A fschool
distriCt's budget) result in low incentives for educational innovation by
the private sector.

Potentials for Improvement

It appears likely, projecting trends in.hardware and soft-
ware technologies, that computational power equivalent to
present -day supercomputers will be available in a micropro-
cessor system for under $100 by 1990.

Raj Reddy

While the needs are great, the very science and technology about which we
must educate teachers has the potential for making thed more:productive
The computer can improveeducation. and enhance teacher--productivity. It can
perform routine tasks and can act as an assistant in tasks for Which
teachers have insufficient time.. AibroadrangeHof activities in the fields
of computer technology, artificial intelligence, and cognitive psychology
are making microcomputer power more affordable, easier to use and more
relevant to educational:needs-.

The first efforts at CoMputer-based instruction involved expensive hardware
that was porly deSigned for; children. In contrast, the quality of computer
power is continually 'rising While.costS keep dropping. The first Computer:
used for instruction in a school cost a third of a million 'dollars.. CUrrent
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systems with good graphics cost about one 'thousand dollars.. In addition,
today's. inexpensive Machines are:better suited to children than those once
used. A'child can interact with a computer by pointing to a display. Com-
puters can control videodisc display systems. With networks, computers can
themselves interact. There have been great improvementi over the slow
printing terminals used in the Past..

Recent years have alsO witnessed major advances in the psychology of human,
information processing; 'Artificial intelligence (the science of computer
systems that exhibit underetanding and problem solving skills)., linguistics,
and related fields. Many workers in these fields now share a common goal' of
understanding both the specifics and the principles--of thinking, whether it
is done by humans or by machines. This 'interdisciplinary undertaking,
called.cognitive, science, is contributing new rigor and insights to the
study of instruction.

Cognitive scientists often express their theories as computer programs.
Performance of a computer program can then be matched explicitly to human
performance and modified as needed.- Such programs have been able to simu-
late many aspeCts\of such human activities as proving geometry theorems,
troubleshooting computer circuits, and solving arithmetic probleMs. The
simulations can be use:1\in several ways. They can be the basis for expert
computer systems that actually carry out intellectual performances. They
can, also be used in systems that teach people.- The basic approach is to
combine' -a model of skilled' performance with a program that attempts to
determine which aspects of such a model are missing in a student. Strate-
gies for teaching the missing knowledge or skill are being developed.

By exploiting new technologies and, building on these new insights into human
intelligence and its acquisition, it should be possible to make education
much more effective and to help meet the needs discussed in the preceding
section. In particular, the following major educational opportunities can
be realized:

o Tutoring. The computer can be an excellent tutor. It is patient and
can adapt to students' individual capabilities. Artificial intelli-
gence methods develoied in projects to build'Computer systems that can
be'. expert = consultants (in medicine, molecular biology, geological

. exploration and other areas) are being adapted for use in computer-
based tutoring: systems. . Soon, we can expect-tutoring systems to have
increasingly refined teaching strategies. Tools needed to exploit
those strategies, are also being developed. Machine understanding of

--written and even spoken language is improving, along with other tech-
nologies'for enhancing human- machine communications.

o biagnosis. CompUters can be used to diagnosean:individual student's
currently existing knoWledge,.:thinkingskills, and learning capabili -
ties. Such diagnoStiC:information:canhelpteachers devise
priate learning activities for each child. ' DiagnoStic:Componente will
also be needed in most of the other instructional forms discussed
here. ,



o Exploratory learning environments: Computers can be used to provide
new "learning environments" which Can facilitate the learning of .im-
portant new concepts. In such environments, even slower students and
those lacking physical dexterity can perform simulated experiments
successfully, inexpensively, and without-. danger. Graphic. animation
can provide viewpOints on phenomena that are difficult or impossible
to achieve in classroom demonstrations. Students can even experience
simulations of events that would -be'physically imiaossible, allowing
them to .compare the implications of their own beliefs about the world
to those of modern scientific theories. They can explore new ideas
and can "learn by doing" in contexts that are tailored' to their
current capabilities.

o Game technologies. Computer games can provide motivation for the ex-1,
tensive practice that is required for facility intesic skills like
reading and arithmetic. However, it is important that such games
include enough diagnostic capability (see above) to assure that chil-
dren who need better understanding, rather than simple practice, are
also served well. Some games address issues of understanding. For
example, there are a variety of business games that are really explor-
atory learning environments packaged in game formats.

o Networks. By connecting computers through new telecommunications
technologies, it is possible to create intellectual communities with-
out regard for participants' physical locations. For instance, stud-
ents who are handicapped, have special interests, or need more intell-
igent colleagues could use a computer network to interact with other
students like themselves. A school without a major library might
still have access to a central electronic information bank. A teacher
could share ideas with another teacher elsewhere who has the same
problems. Resources used during the thy at school could readily be
shared with parents through home computers. As a result, Tarents
could be both /earning partners with their children and teaching part-,
ners with the school. Thus the home computer may become an important
tool in improving adults' understanding of science, mathematics, and
computer technology..

o Tools for students and teachers. Computers can be powerful intellec-
tual tools. They can perform arithmetic calculations and are 'becoming
able\to manipulate equations; they can facilitate the writing process
and expedite formatting and revision; they can retrieve information
from large data bases. These capabilities can be used to shift
educational emphasis froM the teaching of routine skills to the
teaching of the more sophisticated thinking skills needed in our
technological society. They can also be used to improve learning in
nontechnology areas. In faCt, the French are already working on small
data bases for classroom history projects.

o Helping with administrative tasks. Teachers are inundated with
vicord-keeping chores which use time and .energy that could be spent in
teaching. Computers can take over many of- these chores,% freeing
teachers to teach.



While there is a .clear sense of hoW computers can be used, much workremains
to be done. In particular,- deeper understanding of the cognitive pabili-
ties to be taught is needed,. :Furthermore, that understanding rilst be
expressed in a form usable by intelligent computer systems. Simply automat-
ing the statusquo will not pay off in substantial educational improvemeks.
New ideas about effective teaching must be refined; they must be incorpo
ated into instructional systems; and teachers need to betaught how to ui\
them. The needed refinements Can bui d upon recent work on human thinking\
and learning.

Traditional eduCational.research focused on observable behaviors and meaSur-
able products of learning, such as correct answers to test questions. As a
result, teaching efforts became more focused,'and both teachers' and Students
had a clearer sense of their progress. Rowever, traditional theories do.not
tell us how to teach as as how to determine if a student has learned.-
Further, test scores can be deceptive if teachers concentrate on maximizing
performance, on specific test items rather than teaching usable knowledge and
skill. In contrast, more recent work has focused Ion the thought processes
Which underlie effective performance. Researchers have tried to disCover
how experts represent. problem situations to themselves, how they decide on
solution approaches, and how they carry out solution plans.

It is difficult to specify clearly the underlying thought processes Which
characterize expertise. Experts in a field areoften,not consciously aware
of the knowledge they. have and the ways in which they use it. Indeed, a
major problem in teaching is that many thought. proceases and kinds of know7:
ledge are so automatic in experts who teach that they fail' to realize what
needs to bp taught.

Workers in artificial intelligence also face this problem. However, they
are able to obserVe quickly the strengths and weaknesses of their programs
and :thus tO:uncoyerHimpliCitknowledge that needs to be made explicit.,

cognitive scientists now believe that the..samp. :approach can be used to
uncover aspectsof skill that are not adequately treated in current school-
ingThat is, by tryingtp teach a machine,they learn:how better to teach
humans. For example, a machine can be given allthe knowledge contained. in'
a geometry .text .and. still be unable to prove theorems. Roweverby'trying
to 'build a theoremproVing machine,. researchers learned that specific
theore-proving strategies, also need to be taught. The same approach can be
taken with a variety of ,i4ognitive skilli-as well as skills required on the
job.

dognitiVe psychology has also made progress on issuesrelevant toteaching
methods.. Of partiCularimportance are-emerging theories,OfHcognitive:skill
adquisition. HThese/Mpdern learning theories identify stagesoflearning and
focuS:On-the nature/of the practice required :to pu4ad :skill.facility as well
as the understanding tosupport-complexthinking. IJearning by doing
an&learning-by being told, both have a role in the new learning theories.

Cognitive instructional researchers are well :on.---the way toward ar

sense of hOwtofteach,:and it is clear thatHthe computerwill be a needed,
adjUnct for:imprOved teachingThis is because:IneWtheories emphasize clOse
teachbr7Student/ interactions which are inherently labot-intenSive.



Underlying thought procesSes are best_assessed and improved through tech..-
niques that build on tutorial dialogueractice has a revised role. More
practice of skills for Which the'reqUisite underlying knowledge has been
established appears to be crucial. However,. teachers do not have enough
time to provide frequent tutorials on a onetorone basis or to provide fUlly
individualized practice assignments. Fortunately, some of this work can be
delegated to computer systems, if good enough systeMS are built.

By emphasizing advances in cognitive science, me. do not mean to 'imply that
subject-matter specialists, classroom teachers, and instructional. designers
cannot make substantial use of advances in computer technology without rely-
ing on improved cognitive theory. Indeed, many such advance's are already
being made in schools, industries, and research. .institutions around the
country. The emphasis 'on cognitive science And its contributions in this
report reflects our'conclusion that intelligent tutoring systems are both
extremelypromising and less-likely to become classroom realities without a %
coherent national effort.

REALIZING THE POTENTIAL

The possibilities described in the previous section depend upon recent.
developments in artificial intelligence and other areas of computer science,
in the cognitive psychology of instruction, and in )computer technology.
However, more work is needed for these possibilities to be fully realized.
As discussed above, industry efforts are concentrated on low-risk efforts
at generally fall far short of the potential that is evident for computer

s stems that take advantage' of -recent scientific advances. To attract
se ous efforts from the private sector, two things are needed. First,
school leaders need to know more about the kinds of computer tools for edu-
catio that will soon be possible, so that they will demand more of instruc-
tional computer systems. Second, a number of specific research issues_ need
to be \solved so that private developers see artificial intelligence and
Cognitiv instructional psychology as sources, of principles for product
developme\ t. The basic,-conclusion of this conference is that striking
improvemen in the quality and _productivity of instructional computer
systems is 'ttainable with a coherent and sustained research investment.

This research\ hould set new sights and provide new options for local school
systems. The \conference asks the Federal Government to take some of the
initial rlsks a d to set the stage for excellence in computer-based educa-
,tion.

1

We recommend that\the. Federal Government fund a coherent effort to build
exploratory prOtot s of the intelligent instructional systems we believe
are possible. Such\prototypes can act as guides for private induttry and
also as classroom-ba ed laboratories for needed basic research.. They would
provide a vision of \\ e range of possibilities for the computer in educe-
tion, forcing attent on to! the research issues needed to achieve those
possibilities, and hel ing us to solve the problems involved in'bringing new
sources of learning wer into the nation's many and varied school



\
systems". They would also be a medium for more relevant basic research on \\
the specific processes involved in skilled reading, writing, mathematics, \
and other intellectual performances, on new ways to adapt- to individual
differences in aptitudes and progress in learning, and on the applied psy-
chology of student and teacher interaction with automated instructional sys-
tems.

Research undertaken to exploit the educational applications of computers can
also help guard against some potential dangers. in particular, it can help
avoid the discrediting of promising ideas by poor implementations, the wast-
ing of limited resources on projects with poor prospects, and the use ,of
good technologies in harmful ways. Education in the computer age must not
cause students to be isolated from each other by electronics, bored or con-
fused by poorly designed software, or rendered passive by systems which do
not promote exploration or initiative.

The next few sections summarize the general recommendations /of the
conference for (1) a coherent, continuing effort; (2) prototype research;
(3) Larc.eted basic research; (4) some related concerns; and (5) issues of
implementation. More detail' is provided in the conference proceedings which
are printed in a second volume.

A Strong National Effort

In order to be productive, the proposed Projects should be integrated into
coherent combinations of basic, prototype, and field research. Some of the
researchers who lay the foundations for improved uses of computers in the
learning process must be involved in field testing so that research and

-practice can inform each other. Researcher interactions with teachers' as
they learn to use these new tools are especially important. Prototype
teacher training efforts are a partial responsibility of some of the
researchers who are funded based on the recommendations of this conference.
At the very least, -researchers should be Major consultants in the design of
training syStems, both to preserve the involvement of the knowledge producer

knowledge application and because of the feedback that teachers can pro-
vide.

The appropriate role of government is to stimulate these new technologies,
after which private enterprise can more efficiently realize the bulk of
their applications. This suggests that researchers must be concerned not
only with how their ideas will work in real schools with teachers and stud-
ents but ,also with the practicality of their.proposals.

Projects should be large enough in scope and duration to provide clear
outcomes. While there will be need for both large and small. projects, the
More exciting possibilities' discussed ,in this report cannot be realized,

- even in prototype form sufficient for testing of efficacy, without
Multi-year efforts. InterdisciplinaryInterdi.sciplinary< groups of cognitive instructional
researchers, computer scientists, graphic experts, teachers, other
sublect-Matter experts, school administrators, and parents will be needed.
The beSt experts must be attracted' to this effort. The work need not be'
restricted to a single institution; indeed that could, be a serious
limitation. However, it should be concentrated mostly in projects which use



exploratory prototype systems as laboratories for basic research and studies
of school implementation meChanisms.

Prototype Research

Successful education depends upon complex -interactions of many people.
Because of this, it is impossible, to know, just how theoretical ideas
developed in the laboratory will work out in practice. Once a science has
generated an instructional principle, it must be tested and refined by using
it. The substantial ,promise in computer technology and the cognitive
sciences comes largely from laboratory research and from techndlogies that
have yet to be fully exploited in classrooms. The next step is prototype
research, in which the basic principles are refjoned by trying them out in
pilot applications.

To be useful, prototype research must be carried out to reflect and test
explicit, theoretical ideas about instruction. This will allow us to
discover why proposed methods work (or why they do not) and to lay the
groundwork for further scientific inquiry. At the same time,- practical
evaluation of those methods can be started.

Prototype. projects must be of high quality, setting new .standards for
excellence and not discrediting good ideas with poor implementations. It is
preferable to have a smaller number of high-quality prototype projects,'
carried out by the most talented scientists, designers, and technicians,
than to have a larger number of lesser quality.

Prototype research should allow teachers, administrators, and students to
contribute their own ideas to the work. A recent example of how this can be
done is the prototype project to place powerful computer database resources
on the USS Carl Vinson. By heavily involving the prospective captain and
his officer team in the development of this project, the research team has
been able discover strengths and weaknesses of the system m*--, more
quickly. More important, the system has become much more powerful than the
researchers originally intended. The captain has added other software on''
his own initiative. He commissioned an intelligent expert system to help
manage flight operations as well as an instructional system that uses some
of the database capabilities the researchers wanted to test. TheSe
additions came about tecause they were evident to the captain as sensible
possibilities once he became a knowled eable .,rtner in the ro ect. It is
unlikely that he or his superiors would have agreed to )et the researchers
go as far on their own. The captain used his own .budget for these
additions, which probably avoided conflicts over whether the original effort
could be stretched to accommodate both scientists'. and officers' new ideas.

This suggests a model for prototype research on computers in education.. A
project should be conceived as a partnership among researchers; a teacher,
school:, or school system; and in some cases, private companies. The ground
rules should be that'the general research `goals proposed to the government
will be met, but that refinements and additions to those goals will be en-
couraged. -Separate funding (not part of the original Federal contribution)



may be needed for these refinements, froth local pri:Vate and public sources::-

There should he substantial freedom for researchers to propose their own
ideas, and some \may propose, worthwhile smaller-scale efforts. ,However,

there are several prototype projects that seem particularly important, and
we discuss them below.

dOaches And Tutors

Artificial intelligence research has already resulted in several preliminary
haveversions of a computer tutor. These systems ave expert knowledge about a

subject matter, can diagnose the level of a student's knowledge, and have
strategies for tutoring the student to higher levels of, understanding and
skill. <.One system can improve' students' play in a game that requires
construction of arithmetic expressions; another\ coaches troubleshooting of
an electronic circuit; a third provides help in infectious disease
diagnosis. It is time to explore what:such a system must be like if it is...
to be useful in a school environment.

Given ational problems in the level of science and mathematics, skills, an
Obviou, choice for, a tutorial domain is mathematical or scientific problem
solving. The conference encouraged projects that explore, via pilot system
building and testing, cOmputer-based_ tutoring in the solving of algebraic
word problems, development of computer algorithms, solving of physics and
chemistry problems, and similar tasks.

Another possibility is a writing coach to aid students as they try ;.to
.

generate ideas and plan their writing. It could also help students think
abOnt their goals and encourage them to continue writing. When the student
has :fipiShed a draft, an intelligent text analysis tool could comment on
spelling, grammar; and style, and. make suggestions for revision.

Diagnosis

Given. an adequate analysis of human cognitive processeS, computers can be
programmed , to ascertain a student's ;;;.existing knowledge, .'

understanding, and misconceptions.' Computer diagnos'tici4ps, would make
teachers more aware of the ways in which procedural skill. ':and conceptual
knowledge combine to::.prOdUce good .ie crformane; , ' They could Show , them:

,

Components are deficient'. in any particular ;stUdentand',.:_help.:them become-
aware 'of areas ir! whiCh. ,all.' of their :Student:6 :need. fUrther..work. Better -`-.

.

tools fOr diagnb-sid, proper lY used ,-' can helP:raise the -grOals of, education
from the finishing o'f, ,,teXtbOOks and' riasSing: of tests c. to. the achievement of - ,

Powerful intelslectial skills that can be ap Plied in real:-World -settings.

FUrther prototype` gnosi Ouresearch on diaSShld. be encouraged:
,. , . ,

.,--.
. F,J,1

0 -:- ,. ,,,-.

An example 'of computer-baSe&;_diagnoSis., .our:::enthusiasm for the 'POSSibili-
ties Of _ComPuterbaSeddiagnOSis is ::supported by a project, called BUGGY, '.
that 'John Seely\Brown,..-itiahard BurtOni)' .and: .their associates have developed

.,. . ..

in; the last: few -.They built ':.a :,diagnostic system that could determine



'whether deleting one or two specific steps in the subtraction process would
lead to the exact error pattern a child displayed. For about a third of the
children studied, a specfic knowledge deficiency was detected that could
account for the child's problems. Experienced teachers often cannot detect
these weaknesses and end up dealing with errors merely by assigning more
exercises. This practice on doing arithmetic incorrectly does not help.
'With computer programs such as the one already developed, specific concep-
tual problems< can more readily be identified and overcane.

The initial laboratory approach required the full power of a half- million --
dollar computer to analyze children's answers, to a set of subtraction prob-
lems. The di_agnosis program has now been reduced to fit onto microcomputers
that many schools already own. It is possible not only to, detect missing
knowledge in arithmetic but also to provide hints that lead students to dis-
cover missing steps in their arithmetic procedures.

Learning Environments (Simulated Laboratories and Games)

The computer can be used to simulate, through animated displays, a variety
of phenomena from which students can learn. These include 'both the labora-

tory exercises already in use as well as activities that would be impossible
to conduct with real materials. There are a number of advantages to such
simulations. They may be cheaper, since no special, equipment beyond the
computer system itself is required for any given simulation. They can oper-
ate on different time scales, allowing exploration of processes that occur
too quickly in real life or that take so long as to be incompatible with the
pace. of schooling. Similarly, sze is no harrier; it is as easy to simulate
events inside a molecule or evenZ-.s involving an entire galaxy as it is to
simulate something that one could set out the classroom window. Simulated

events do no -.physical harm, while many importan t. laboratory demonstrations

can be dangerous. Most important of all, simulated phenomena can be pres-
ented in a way that allows students to focus on centrally important events
without being distracted by logistic details. Even when not a complete sub:-- --
stitute for real laboratory work, simulated demonstrations can be a good
preparation ;;for -the- real thing.

Simulated 'laboratOries allow exploration of hypothetical or fictitious situ-
ations that may be: absent, or even:impossible, in real life. For example, a
simulated.. laboratory might alloW..students to understand more specifically
how their ideaa fail to match our underthtanding of the world.

Simulated laboratory systems are ideal prototype research facilities for re-
,

fining our ideas about the importance of learningmby doing. Properly de-
signed, they can. allOwStudents to formulate hypotheses, test them,. analyze
results, and. ref conceptions. Moreover, they can provide the

student with ar record: Of,:the course of his -az...investigations, perMitting

greater self-aWareness of . thinking and learner

Game forMats.'-- . Some of the 'simulation work should involve game formats as
welr'as 'pure exploratory and tutorial Modes.: Exp3rimentation with several
different".,instructional 'Model upon : the same underlying Simulation



capabilities will permit controlled studies of the different ways in which
each mode can be effective.

Integrating computer-based exploratory environments and tutoring systems. A-
number of good simulated laboratories have started to appear on the market.
For example, students can predict the outcomes of chemistry experiments and
then see the experiments simulated. They can conduct simulated multigenera-
tion breeding experiments on birds and fruitflies. They can even experience
'what flying a plane is like. The area where research is needed is at the
edge of such 'systems, figuring out how best to incorpOrate them into suc-
cessful instruction. For-example, recent research. findings ..indicate that
many' students, even after taking a physics course, do not understand the
basic mechanical principles that interrelate force, mass,, and acceleration.
Their knowledge of the phisical world is stuck at the level of Aristotle
while they live in the world of Newton and Einstein. In a physics labora-
tory, itudents can be shown the effects of forces on objects, but they mis-'
perceive those effects. Now, computer 'progiams are available that allow
students to compare what would happen if their naive beliefs were true with
what happens, in a world governed by Newton's Laws. After ail, things can
happen in a video display that might be . impossible for real physical
objects. The implicit message for the student is, "If your beliefs were
true, then this is what would happen, but in 'fact here is what happens in-
stead. 'However, that message needs to be made explicit, and we need to
know more about what students actually take away from such simulations.. One
way to do this is to build an interactive tutoring system which could engage
in.a conversation with a student, using the simulations as a tool for discus-
sion. Such tutors are achievable within a few years. They could be very
useful in helping researchers discover how simulations can be used effec-
tively. They could also be -asecl to upgrade the knowledge of science
teachers.

Computers As Tools For Students

Computers can be powerful intellectual tools and media of expression for'
students. With the aid of methods of artificial intelligence, they can even
be genuinely intelligent assistants. For example, computers can do arith-
metic calculations, manipulate algebraic equations, and construct and trans --
form graphs. They can facilitate writing and revision by allowing easy
storage and manipulation of text, and can correct spelling and suggest im-
proVements in grammar. They can also be powerful visual aids to, design
activities. However, just as we once wondered whether calculators were good
or bad for children, we now have' concerns about these new tools. Through-
prototype research programs; ,we can begin to. learn how they can improve
learning and which ought, to be made widely available.

'Automated dictionaries and interactive text. The conference noted
that the microcomputer and videodisc' technologies can be used to produce an
automated dictionary and thesaurus. With such a system, definitions of
words can be accessed while reading, through touching the screen, or while
writing, by typing an approximate spelling. Preliminary dictionary programs
designed for today's classroom microcomputers are already available, at low
cost.



There is some evidence that c,nildren who do not learn very well are less
prone to attend to precise meaning and to detail of a text. By decreasing
the effort required to -access information about terms used in texts it may
well be possible to create a situation in which slower learners learn that
precision and completeness in reading a text will result in better learning.
Prototype research exploring such possibilities could be combined with the
more basic" research on thought and learning processes mentioned below.

Similar benefits may come' from extending the automated dictionary concept
even further, into the interactive text. The prototype conferees had in
mind would include the kinds of explanatory resources just described, so
students could ask to have a concept explained or a point elaborated. In
addition, recent work on individual differences in learning skills suggests
that the interactive text should have questions embedded within it for Stud-
ents to answer. Analysis of a student's answers to those questions would
allow subsequent presentations to be geared to his or her level of under-

,standing.

Electronic libraries and data bases. A variety of computer-accessible
data sources have recently ,,edoine available. These systems might be
important forces in improving education. They could allow. students 'to
access much richer and more recent information than is present in most
school libraries. Computer-accessible databases can serve as source
material for student research, and writing projects. When computational aids
are also available, students can access real quantitative data and learn to
use it Working with information about a real space-shuttle launch, for
example, is likely to be both more motivating and more informative than
working with unrealistically simplified, fictitious data. In addition, the
skills of data base :access and information retrieval are themselves part of
whatwill constitute literacy in the future. Indeed, literacy has always
consisted largely of sorting through existing bodies of knowledge, 'putting'
ideas together in new and productive ways, .. and learning how to learn.
Students can best learn literacy skills in the context of substantive
information needs and rich information resources.

Computers As Tools For. Educators

Feedback, grading; and other teacher aids. There are already
commercial' tools available for increasing teacher and administrator
productivity by facilitating record keeping, grading, homewOrk assignments,
and lesson planning. Some of the approaches need considerable refinementi
but this, is likely to occur without. further Federal investment. A more
sensible area for new activity is ..on tools. for instruction in writing,
another problem area in U.S education. Many students already write their
essays on word processing systems, and this can be expected to become even
more prevalent. Once a student's work is in machine-readable form, cit
becomes possible to provide new types of essay-correcting tools to teachers.
One possibility is a system for efficient teacher commenting on students'
writing projects. In addition, spelling and, grammar correction and text
summarization systems would help save 'teacher time. It is important to
explore, the effectiveness of such approaches in order to ascertain the
potential of integrated computer systems for schools.



Software authoring and customizing systems. No national organization,
whether government or publisher, can decide what is best for all students in
all schools.. Therefore, it is essential that, teachers. be able to modify
instuctional software systems' to suit the needs of their students and the
community they serve. One step toward this end Is the development of
software authoring languages that teachers can use to adapt software to
their specific 'needs. It is too early to specify a complete authoring
environment for/ teachers, but it is time to start exploring the uses
teachers make of tools that allow them to customize software for their
specific needs. One or two of the proposed prototype systems should include
specific resources that allow teachers to make modifications.

Communication Networks

Networks, videotex:. facilities, data banks fOr parents and children, and
computer-based bulletin boards- are already starting to be develoPed.. Such
networks can enable interactions between students .with'similat interests or
similar. special needs (e.g.:, the handicapped and the gifted). They can also
allow access to information and tools not available in the :classroom.
Finally, they can be a basis for teachers' exchange' of resources and ideas
and for interactions between teachers .and the developers of new educational
programs or methods. Attention must be given to richer analyses, including
observational analyses of usage, cognitive analyses of the skills required
to use network' resources,:and,,asseasment of the contributions of such
resources to the development of 'reading and writing skills.

.

Computers In Teacher Education

Some of the prototype projects to be funded should also examine the role of
computers in instructing teachers about the potentialities and limitations
of computers, so they can cope adequately/with the computers they- encounter
in their schools and achieve "a level of "computer literacy" at least on a
par with their students. Teachers also need to learn more about recently-
demonstrated instructional principles and teaching techniques, and they need
to develop new educational goals fox preparing students to live in a techno-

:logically driven society.

These teacher (re)training needs might themselves be addressed with instruc-
tional computer systems. This would itself be a form Oflearning by doing,
since teachers would be using computers for their own learningin ways simi-

,

lar- to those ,used to teach their students. Thusi ,prototype research on
computer-based teacher training is an important part of the overall.research
agenda.

Basic Cognitive Research

If we are to `'realize the potential of computer technology for helping stu-
dentsachieve high levels.of capability in mathematics, science,.reading,

. and writing, .targeted basic research of several kinds will be needed.
'Cognitive research' should build upon advances in the psychologyof complex



human thought processes and in artificial intelligence. Intelligent tutor-

ing systems cannot be built without first analyzing the specific knOwledge

they are to help students learn.. Research is also needed on how such know-

ledge analyses can be turned into effective instructional strategies. The

necessary research on the nature "of skill and the nature of learning is well

underway, but continued work is needed. Prototype research projects can

shape that work into more practical directions.

Certain types of computer science research are also needed. This includes

research that explores the uses of computer technology in diagnosing

individual student's difficulties in learning basic skills, acquiring new

knowledge, .and solving problems. In addition, existing work on

computer-based intelligent tutors must be refined by testing results in the

course of the prototype projects discussed above. i

In addition, we need to understand what.. motivates students to become active
readers, writers, and problem solvers,' and how computers can be used to sup-

port these interests and not limit them. Researchers must remain alert to

the effects, both debirable and undesirable, thatvarious uses of computers

may have on students' patterns of development and on the social organization

of the classroom.

The conference participants support long-range national investment into gen-

eral baic research in all these areas. However, we limit our

recommendations here to specific activities from which we expect a

shorter-term payoff: enhanced design principles for instructional uses of

computers in education. We also strongly urge that the research integrate

the insights of teachers and other. education practitioners with those of

scientists. The development of useful systems will rest on the twin' pillars

of practical and theoretical knowledge.

Thought And Learning Processes

It is important to obtain a better understanding of the thinking processes,

that are needed for acquiring sophisticated concepts and for 'solving prob-

lems. Mathematics, science, and writing are all problem-solving activities,

and the computer, appears to be well suited to coaching students through

problem solution. All basic schooling goals involve deeper understanding

and the ability to acquire new knowledge> autonomously. Thus, the skills of

learning and of problem solving in school subject matters should, be a speci-

fic focus of research.

Expert Nand novice thinking. _Recentstudies___ have revealed that

students approach learning tasks with many, prior conceptions, based on-life

experiendes, which can/be obstacles to new learning. These conceptions are

very resistant to change. Work to date' has been descriptive. Future work

should be increasingly analytic, aiming to understand why students'

conceptions persevere so, strongly, how they might 'be modified, and how the
conceptual difficulties students will have when they encounter new subject

matters might .be "predicted.

Work is also needed on high levels of competence. Studies designed to make



explicit the unconscious knowledge that enables expertise will be important-both in identifying more specific curricular goals and in developing, ways toachieve them. Assuming that current educational practices are not yet per-fect, such studies might even go beyond existing. expertise, devising new
strategies for thinking that are better adapted to students' limited capa-bilities. Just as word processing tools and spread-sheet analysis programs
have increased the effectiveness of businesses, there may be similar toolsfor increasing learning capabilities. Better understanding of thecomponents of high levels of expertise can inform efforts to build suchtools.

Until recently, theories of learning dealt 'Ally with very simple learning
tasks. However, new insights into human thought processes. are leading to
the development of improved theoretical models that can account for the ac-
quisition of more complex knowledge and skill. As we shift our sights frombasic, primary skills to intellectually demanding activities such asscience, mathematics, and computer technology, these new models will be
especially important. Principled approaches to instructional design should
produce more effective and efficient learning.

Comprehension and writing strategies. Research to date suggests that
even secondary school students have difficulty summarizing texts, definingmain points, skimming text to abstract _information quichly, taking notes,
and planning and revising compositions. Conference participants envision
computer aids that will help students develop 'these higher-level skills.
However, greater. understanding of the cognitive components of these 'skillsis needed before we will know which possibilities are likely to pay off.
Even after the strategies most effective for various reading and writing
tasks are identified, there is still the problem of discovering effectiveways to teach those strategies. We also .need to assure that the automated
tools that are provided for students do not become barriers to better humanskills.

Using the computer to stimulate, autonomous cognitive facility.
Specific research is, needed to promote the design' of effective computerprograms for assisting, prompting, and teaching effective comprehension,
writing, end problem-solving skills. We 'need -to know how reasoning coached
by a computer mentor becomes 'internalized so that students learn to reason
actively, not to wait for the machine to do the thinking. We need to knowwhen (and for how' long) students should be actively coached, through
intellectual tasks. The sticcessful use of coaching techniques will depend
on the materials and context in which they are applied. We need to ,knowmore about the conditions of prior knowledge most conducive to
internalization of planning and reasoning procedures and the conditions that
will best foster learning Of 'new content 'in diverse subject areas. We alsoneed to know which mentor functions are best carried out in the social
milieu of the-classroom and which- in the private space of the computerterminal.

Knowledge Structure And KnoWledge Retrieval.

New knowledge is accumulating at an accelerating rate; In spite of our op-
timism about improvements in how we teach, work will also be needed on



whaF to teach. ReCent work in cognitive science indicates that the. manner
in which knowledge is structured .can greatly affect the ease with which it
can'te usedain various intellectual tasks. Further efforts are needed to
learn how the form,in which knowledge is.represented can facilitate its lat-
er recall when needed to solve a. probleth- and its generalization as more ex-
perience and new knowledge is acquired. -It is especially important to

identify core knowledge Which:can allow derivation or subsumption of large
amounts of related information.: We. need to understand the processes
involved in working from core' knowledge, and we need to }criow whether the
specific .core requirements ,might differ, for students with different
aptitudes or different .occupational expectations

0 "In addition 'to better understanding of what students need to know,.further
research is needed on the cognitive skills they:uSe to retrieve that know-
ledge when they need it. we.need greater knowledge About how humans (young
and old) store,- process,- and retrieve informationalready contained in their
heads' and. how they'Can improve the efficiency and effectiveness of these
processes. We need to understand the role that self-,awareness and self-
management strategies play in both the learning and the retrieval of know-

- ledgeof different forms. If ,computer -based instructional systems and in-
formation resources are to be effective, we need to know how information
sources (docuthents and computer files, electronic and traditional libraries,
printed- and electronic dictionaries) can be designed to facilitate informa-
tion acquisition by humans.

Mental Models

"Mental models" are relatively simple conceptual schemes used by people to
explain, predict, and control' phenomena-they encounter. :For example, the
"Spread sheet". is'amental-model that many bdsiness people use tofacilitate
the handling of financial data and the preparation of-reports. Even though
computers .do not need, spread sheets to.do-the work tor'Which'4eople once
used them, the spread sheet has been retained to faCilitate human-machine I
communication. Mental models may be scientifically or technically.Ecimi
tive,but they allow people to .gain control over forces in their environ-
ment,' such AS:autOmobilescomputers, andcomplex'busines0 data

It is important to study the mental modelspeopleusefor various
tual tasksi since such models allowYcomputerS:and people to work together'on
complex problemsdaing simple, but pOwerfulimetaphorsThit should espe
cially be the casewhen:ascientific or technicaldomain'isbeing .taught to
students with less, well-developed Scientificapabilitiesor interests..
Different, models can be fOrthdlated to ,deal with the same phenomenon or
device. For:examplea bOmputer scientist'a)mentalmodel of acomPutermight
be different fromthat bfa computer repairtechnicianYor. 'a business person
using. one for'wOrd processing. we need to understand better' the prindiples
that:_mightraccOunt for the success Or failureof mental Models'.



Diagnosis of Cognitive Capabilities

A cognitive psychometrics. As the complexity of diagnostic assessment
increases, new psychometric models based on cognitive 'theories of competence
in school subject matters must be developed. These models will be needed to
guide decisions about how to improve, automate, and optimize diagnostic
testing. They will also help us summarize and interpret complicated
patterns of errors in students' writing and problem-solving performance.
Further, they will permit us to study and summarize changes in students'
diagnostic profiles over time.

As powerful ways to diagnose students' abilities and difficulties are dis-
covered, it will become possible to combine diagnostic assessment with
coaching and tutoring approaches. Diagnostic assessment and training of
basic skills by interactive computers may be important for overcoming the
educational difficulties of students from special populations, such as the
handicapped, the learning disabled, and those from environments with differ-
ing language experiences or differing exposure to modern technologies.

A cognitive psychometrics will also facilitate better- evaluations of
computer-based instructional tools. The questions to be asked of such tools
include whether they have any positive effects at all; how long those
effects endure; whether they transfer to everyday situations; and whether
they replicate over different student populations, materials, and
environments. --To answer these questions, both conventional and new
approaches will be needed, but the new. based on cognitive
theories of competence are particularly important. They may provide
knowledge which can help shape better principles of instructional design,
principles grounded in a rich understanding of the thinking processes that
we want our children' to acquire.

Artificial Intelligence'

Although artificial intelligence is primarily, concerned with computers,
some of the research in that field is highly germane to educational applica-,
tions. Because efforts to make computers behave intelligently. require ..a
great deal of explicitness, they can yield insights about human thought
processes. Also, artificial intelligence research ef tOrts to make compu-_
ters more usable by people without .srecialized training will have applica-
tion to the design of cOmputer-based instructional systems, especially
intelligent tutors and diagnostic devices. The research the conference
envisions should involve a number of scientists with backgrounds in artifi-
cial intelligence.

Other Research Issues

.:.Motivation Reseaich

Students' use of computers in classrooms may affect their motivation to
learn in both desirable and undesirable ways. The, availability of powerful
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computing resources to help students acquire basic skills may enhance devel-
opment of a personal sense of intellectual competence, leading the student
to participate more fully and effectively in everyday classroom activities.
There also may be negative motivational consequences arising from misuse of.
computerized tools in the classroom. Excessive, interest in computerized
learnino games as a means of entertainment may lead students to lose inter-
est in participating in teacher-led activities or sustained independent
work. Students who are already poorly accommodated to the social life of
classrooms may become even more poorly adjusted if they interact less with
other students and teachers and more with computers.

Research is needed on the motivational consequences of instruction by compu-
ter, teacher-led instruction, student group activities, and individual seat-
work. We need to know which approaches should be used when. We also need
to understand the motivational consequences of different kinds of computer-
based learning. If less able, students use computers primarily for diagnos-
tic and remediation purposes while more ,able students are engaged more cre-
atively, will only the latter come to regard the computer as a powerful tool
rather than a taskmaster? We also need to better understand game environ-
ments, so that we do not fall in to the trap of motivating children to focus
their attention on superficial reinforcers while playing "educational"
games,,

Research On Introduction Of. Computers To Er-2,:.cation

Some research is needed on social and psychological factors involved in in-
troducing new educational technologies into Pxisting' social systems like the
.school. Studies are needed to identify factors that lertd people or institu-
tions to resist or accept new innovations. This knowledge can help in de-
vising improved methods of communication ana tarticipation that might facil-
itate change and increase the effectiveness of innovations. We need speci-
fic knowledge of the perceptions of teachers, f3tudents, parents, and school
administrators when different forms of technological innovation are intro-
duced., An important component in this research must be consideratiun of the
costs involved. We need to know both the monetary and social costs attached
to different potential imrrovements and the effects of such costs on accep-
tance. Some of this woe*. can be carried out in the context of the proposed
prototype efforts if projects are of sufficiently long duration.

Research is-needed on new roles for teachers, new organizations for class-
rooms, and new educational settings. For instance, analyses should be
concerned with (a) the role of the teacher as selector of existing
courseware, ,as courseware developer, as classroom manager, as coordinator of
"intellectual communities" established through computer; networks, and as

creative tutor and coach; (b) the role of the 'student as peer tutor, network
"community" member, database user, courseware developer, author, and editor;
and (c) th 'role of the administrator as the person, responsible for learning
resources and computer courseware development centers, as a teacher training
specialist, as network library coordinator; and as research and development
liaison coordinator.,



Helping 'Schools Become Communities Of Educational Computer Users

Even the best tools for computer-based education will not be widely used un-
less (a) care is taken to put- them in forms that solve school systems' prob-

- lems; and (b) effort is allocated to teaching teachers how to use these re-
sources. In this section, a set of goals and concerns are outlined that
conference participants felt should pervade all national efforts to improve
computer-based education.

-
Computer as helper, not master. The computer can be our servant in

education, a new kind of servant that can be asked to do things we have
never before tried to do, ourselves. We must be trained in order to best be
served by it. In our vision of new possibilities, we must also recognize
the limitations of our computer helper. A computer cannot replace human
role models .in education, nor is it smart enough to supplant human teachers
in their sympathetic interaction with children. Our national goal for the
computer in education should be to find ways for it to help children learn,
help eliminate teacher tedium, and give. the teacher effective support
systems beyond the capacity - of parents, local schobls, and school-districts.
Computer enhancement of teacher productivity offers a way out of e iilemma
of rising education costs leading to lagging teacher salaries and thus to
the loss of many .of our most competent teachers to other professions.

Need for training. Our experience with the introduction of
educational television suggests that `Schools and. school districts must plan
for staff training if new technologies are to be fruitful in the classroom.
In addition to subject-matter revitalization, as has been provided by such
resources as NSF Summer Institutes and the National Writing Workshops, there
will need to be opportunities for teachers to become familiar with computer
resources and to learn how to use them well. Excellence in the
technology-driven education .world we are entering will require the
development and evaluation of innovative prototypes for training present 'and_
future school, personnel. Obviously, some of this training might itself be
delivered by computer, and this is a matter some of the prototype research
efforts should explOre.

While the need for training programs is beyond the purview of this confer-
lence, the conference felt compelled to respond to teachers who pointed out
the lack of systematic concern for training in computer-related educational
approaches, especially for teachers of, sUbject matters other than science and
mathematics'. Teachers are underpaid and underequipped; they cannot be .ex-
pected to learn about cbrnputers on their own time and with their own re-
sources. The conference recommends that issues of teacher (re)training be
the subject of a planning effort similar to the one we have undertaken.

Prototype school and classroom designs. ,Research should be supported
that leads to well-motivated, peototype designs for computerized learning
facilities: computers in classrooms, combinations of in-school and
out-Of-school facilities, and, if it should prove effective, ,,resource center
arrangements. Demonstration sites that can be evaluated will be necessary.
Such -sites should emphasize joint' involvement of students, teachers, and
parents in the, learning process; Again, they should address the issue of
when computer-based activities are effective, not just whether they are.



Prototypes that provide students and teachers with free and rich access to

the computer throughout the day are especially 'important.

Quality assurance. The software initially, sold to school systems was

mostly of mediocre quality or worse. A variety of initiatives will be

required if this. situation is to improve to the point where we can think of

computers in the schools as a major factor in fostering excellence in

education. Efforts should be made to integrate practieioners, scholars,

technical experts, computer companies, and publishers into the computer

system development process. Work is needed on systems for field testing and

evaluating all courseware, not just prototypes.: Quality guidelines .should

be established for authoring systems, for instruction and assessment, for

selecting software programs, for field testing and evaluating in school

settings, and for developing software in the private sector.

Telling teachers and parents about uses for tli4* 011 1 education.

Teachers and parents need to now what kinds of eff '_ive uses of -^,mnuters

are currently possible. The task of reporting results from the c,:1-.....)osea

research must involve the researchers themselves. This is because the ideas

from cognitive and computer science that support :this work Fare very new.

Consequently, they are easily distorted as people try to fit them into their

existing ways of thinking about the world. Scientists supported in the

proposed research activities bear particular responsibility for explaining

their results for parents and teachers or at least for monitoring the

explanatione produced by others.

In addition, a research center or a larger research contractor involved in

other proposed projeats should have the charge of producing information on

computer usage for the schools. A series of reports should be prepared that

are easy for parents and teachers to understand and apply. The series

should include reports of research results and their ,implications for excel-

lence in education, critical guides to available computer resources, and

models of effective ,computer deployments and usage with different levels of

computer resources. Reports should include accounts of, successful

activities generated at the ,local level and perhaps also analyses of why

those innovations were successful and how they can be replicated.

Long-term evaluation.- The conference also recommends long-term

ongoing evaluation of computer uses in schools to assess the effects of

individualized computer-based, -instruction on the achievement and

self-concept of students. Studies should be conducted to compare

computer-based instruction to alternative approaches. Other` assessments

should review the effects of hardware and software on such student variables

as achievement, time-on-task, self-concept, and motivation, and on such

teacher variables as effectiveneis and burnout. A broad study of the impact

of computer and video technologies on children's development should be

considered.

challenge of new technology Some people fear that the

computer will increase ..the already wide gap between the haves and have-nots,

between .those who use 'computers routinely in their homes, and those who

cannot afford such luxuries. If this tool is to be made available in our

schbols, it should be made, available to all children equally. A unique



opportunity of the new technology for education is to e)ctend the learning
environment beyond the school and the home. Yet, special care must be takento avoid intrusion on parents!, rights and responsibilities and to assurethat equality of computer-related opportunities in the-lchool is not erodedby differences in home computer a.vailability.

A community of learning, beyond the classroom. Part of the work of.
learning, even schocil learning,'..is done outside of School. Students aregiven homework for a variety of - reasons. It of fers a chance to reflect onproblems outside the regimented time schedule of the fifty-minute hour. Itprovides the additional practice that can be done largely without teaG,tarassistance (or at least is not the highest-priority use of teacher time).
If the computer-based learning environment moves beyond the walls of theschool, homework can change subs,tantially. Groups Of. students can worktogether even if they live in different parts of tawn. The work of learning
can occur at home as well as at ' school and in ways that go beyond homeworkac we currently know it. Parents can ,be active participants in thisextended learning process as well

,

,However, a community of learners can exist only if its participants have be-come socialized --4n; the ways of interaction. Parents need both specific
training in n twork information access and, more generally, a chance to keepup with their childen. Our society depends upon a respect for the wisdom
of age that wi 1 be\S\seriously eroded if the computer revolution leaves par-ents and teachers. behind . , °.

\
Economic realities,WThe visions we have presented must be mediated by therealities of a world in \which providing pencils to students is a burden some
teachers meet out of `pocket and ,ii-1\ \which the posts for home and school ma-chines will compete, with demands, for ' taacher,, salary improvement and tax .--""'ductions. The value,, of a higher Capital- inyestment in computers for educa.7,tion must be demonstrated with care in',',exemPlary prototype projedta, whichare visible, criticizable and 'assessable.

Implementation

The proposed basic, and prototype research activities are 'essential to the
successful realization of the Potential 'of computer and cognitive technolo7gies* ar edueation. However, fruitful implementation of this research willnot be easy. The fundamental difficulty is that while progress in computerand other information. technologies has been very rapid, systematic efforts
to apply these technologies to education are in their infancy. All incen-tives for talented researchers and for private investment lie in' directions

F with better economic support: office automation; integrated circuit desiign,and even arcade game production. Public schools are presently beset by fi-nancial difficulties, as are universities. Both heir most clearly the de-mands from traditional cost centers.

Many. school systems and 'many university researchers will respond to any call
for proposals to do the work that is heeded. However, few will have the
specific talents needed to pursue the work that must be done. If the

0



Federal goal is to realize the full potentik of computers in schools jfgreat
care will be needed to assure that requests for proposals attract.fthe.Joest
available computer experts', cognitive scientists, and educationalAPeCial-
ists.

Forms of -projects. The talent available for',;,_ pOsed work is
limited. At the present stage of knowledge,Ait,would.tbe ."unwise to focus all ,

efforts in one or two directions-,which might4"pei-ipi not turn out to be
productive. Conversely, it would be unWise/tOiltmdertake so many diverse
efforts that talent and funds diSSIPatediik activities too small to be
significant. This suggests -corn ination of large and small projects. In
general, projects should be74.fiinded,<for `periods long enough to assure not
only scientific advanoed. bUt .aiso--the . translation of those advances into
useful principles of instructi:On.

Successful applfcaticiris ofcoMputers to education will require many differ -
ent kinds of 'eXpeitise :subject matter, in computer technology, in cogni-
tive-sciericeateaS,' in e- teaching and in design. It is unreasonable to expect
that;a4itheee'Capabilities will be possessed by a single individual. Hence

it beOdit4S::imPotant to provide contexts where persons with different kinds
of expertise can effectively collaborate as .a team. This collaboration can-

casual. Rather, each expert must know or learn a substantial amount
about -the other relevant fields so that teams can operate effectively.

Because of this need for collaborative activity, the conference recommended
the establishment of some research centers dedicated to the advancement of
new scientific and . technological approaches to' education. These centers
should be widely accessible to educational researchers and designers
throughout the nation. Like the ftrmi Laboratory, they, should both produce
research directly, through a core staff, and-provide resources for others to
do work that requires special resources.

These centers should have a good resident _staff doing work of high quality. .

To attract such people, firm, multiyear commitments will be needed. In ad-
dition, the centers should provide a working environment which talented re-
searchers 'and designers from other places could use foi ,more limited peri-
ods. Stich visitors 'would ensure_intellectual vitality by providing an in-
flux of new ideas and they would help in disseminating. the ideas produced in
the central facilities. Some of these workers might be supported by the
centers while others would use grant funding or other sources. Limited re-
sources' should .be provided for continuation of 'work initiated by a visitor
even after he or she leaves. This might be an ideal training vehicle for
graduate students. .With adequate computer networking, it is quite 'feasible
for , a researcher to bring a student to a center, start a project, and have
the student stay to finish- it, reporting to the senior researcher by
network.

Master teachers should be recruited for, temporary visits to the centers.
They could provide realistic- inputs" to the design of new instructional pro-
totypes while there-and would return to their schools with new approaches
which they could pass on to their colleagues. Funding for such visitors
should be included .in the research center plans.



.. In order to:"ensure a healthj-i COmpetitiOnbetween' ideas and td,proVide -400d,accesSi: there should- be ,at least, two-:=s4ch.. centers. ;i',A-,dinille facility;run the risk' of. being .undul.: fixated; ,On a Sinde,,:educational '..ippepadh and
. ,.

might suppress alternative t...pirta, of View. it would-aleo -:;be geographicallyAess:,:acceseible. to .:parts,: ?.f§i;10,6ountry.: gi-ie-: center - might ?have ;a. stronger
:Mathematicssand. scienCe:(ieiitatiVii,,-.'.'While , the .othei.-:-miciiit7betMore strongly, .. :,..':,,..t, :0. .s:,0-,,-;.-.r...,,.- -, -. ', ,oriented._ in the:' direction of language skills. -7:-=04:64: the present status ofthe disciplines which must.: contribute ,to the efforts we propose, some,Overlap.- 'Of = subvert matters treatecUs the..in '.1centers is inevitable anddesirable.

In addition to the research center. prograliv4 sho9ld be a-- complementaryopen ::research grants program for indiVidual,--investigators. .
- '

.deneral basic research prOgrams. lie: end, by reiterating assertionsthat: the potential' breakthroughs in instruction 'We have been discussing 'arelargely . the result capital -; investments by this Country., in basic. scientific research over several, decades., As we begin ,exploiting theproducts'. of this investment, it is important: to remember our obligation tothe next ,generation.' bonferenCe participants strongly encouraged thed,fUnding of less targeted basic Scientific research, including cognitive andsocial reSearch, at adequate levels. Just as the: present Opportunities arethe, result.. both of making the necessary investments 'in the Past and oftrusting in part of the judgements of the scientific community_ in deciding 'Where to invest, so do We envision that .future opportunities will dependupon a Significant and predictable' investment allotted by .t.h0 best expertsthat 'can be .found..
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THE COMPUTER AGE
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The title oe this conference was chosen with either a goodo deal of care or a

good deal of luck--I think care. It is a conference on research, on c'Ompu-

ters, and on education, which leaves us a good deal of leeway in finding out,

what are the useful and profitable ways of putting computers to work in edu-

cation. And, of coursa , the phrase "research on computers" is itself

somewhat ambiguous. It could mean research about computers in education.
But it might mean research in which you do your research on computers. I

will have something to say about that in the course of my remarks.

The Computer Revolution

Nobody really needs convincing these days that the computer is an innovation

of more than ordinary magnitude, a one-in-several-centuries innovation and
not a one-in-a-century innovation or a one-in-ten-years innovatior. or one of

those instant revolutions that are announced every day in the papers or on

television. It is an event of major magnitude. Every major innovation goes
through a longer or shorter period that might be called its "horseless 'car-

riage" phase. Just Jas the automobile when it was introduced was simply
another way of pulling a cart along the road , so with every really *novel
innovation our first thought is that it is simply going to do something we
have been doing all along but do it better or cheaper or faster or more con-

veniently.
0

We are always surprised when these innovations turn out to have a signifi-,
cance for us that is quite different from the technology we thought we were

improving. So the real significance of the automobile for us has not been
cartage, although an awful lot of things are hauled over the roads these

days. If wa weren't hauling them over the ,..oads,, we would be hauling them
over the railroads, which would make the railroads feel a

or
happier. But

it wouldn't be any great thing, a few percent one way, or another in the

efficiency of our economy. The importance of the automobile was its crea-
tion- of- the :suburbs ,--and- was -its creation-ofthe-2-,000 mile vacation, - com-

plete with children and dog. Those were the real significances of the auto-

mobile.

'_'And; similarly, with the computer. Of course, the computer age is a much

newer age than the automobile age, and we have not really found out yet what

'lies beyond the horseless carriage phase. Here the horseless carriage phase

means the number-crunching phase. Computers were, of course, invented to be

number -crunchers , although some of their inventors, like Babbage-i--- a century

ago, or Allen Turing in this, century, had the foregight see that they

were really very much more than that.



Nevertheless, after 25 or 30 years of extensive use of computers in the
world and in this country, 95 percent of the computer power and '95 perCent
of the computer time is still being devoted to crunching nurnbeis either for
purposes of, scientific and engineering calculation, onto keep -the payrolland keep the ledgers in business organizations.

Perhaps the most urgent target on our agenda when we talk about research oncomputers, whether in education or in any other field, is to devote our
research efforts to finding out what lies beyond that number-crunching, whatcomputers really are about, what their potential really is. Now, .events ofthe past three to five years--with the micro-computer suddenly arriving inthe hOusehold (partly as a result of miniaturization and t cost reductions)and the computer 'coming to work in the business place and the home as a word
processor--all of these things have made us much better prepared than wewere even three to five years ago to understand that the 'canputer, revolutionhas very little or nothing to do with arithmetic.

Well, that is not quite right,
do quite a bit of arithmetic
teresting research questions I
still have to do arithmetic in
see that this is really the tip

Computers in Education

is it? Computers are going to continue to
for a long time, and there are some in-
am sure we will get into as to whether kids ..

the computer age. But we are beginning to
of the iceberg, and there is a lot more.

That cOinputergflight -have some role in education. =is not a new idea. I:think you would find some early proposals, if not attempts, at computer-
the M.S.

aided instruction: going back at least 25 years. In this building, e M.S
students in industrial administration have been playing a business game 'espart of their education since about 1960.

0

As I will point out in a moment, the introduction of the hand-heldcalculator is.. not only an example of computer-aided 'instruction but an
interesting example. But if we look at the educational system today, at the
college level, at precollege levels, elementary and secondary, ,I think` wewould be very hard-pressed to make a case that computer-aided instruction(CAI), has really made any substantial difference to the educational system.
I 'do not mean by this, that useful things have not been done. Same usefulprograms have been developed particularly in the 'drill practice area.
And I will mention some other kinds of programs which seem to me in the
longer run. will prove even more useful .and-more interesting than these. ButCAI simply has not made a great impact,on education. And as we move aheadand talk about research on computers in education, it is important for us to
ask why. If we don't know why, then finding out is certainly one of the
targets we have to mark for' research.

If we look at present CAI, there are at least three comments we can makeabout it. The first is mat a lot of CAI fits the horseless carriage des-
cription.' We simply, to over all sorts of things ws used to do with kids
(for example, there we" drill and practice .before there were canputers,



usi q such adVanced technological devices as'pencil and paper, and there was
the rogramMed text, which preceded the computer by some years),and,we took,
those roCedures and simply put them on a computer.

Perhaps that is cost effective, and Perhaps it isn't. That depends on thl.
current cost of hardware and software. But whetheri.t's cost effective,or
not, it isn't any great shucks. We haven't revolutionized the education,
system, we haven't even advanced it very far, if we have merely taken the
kinds of. things we use, to` do with kids with drill and practice and put their
on a computer. If one has any affection for computers(andthere are peo-
ple who have, just-as we.haVe affection for yachts" and automobiles), One
might even say that using computers in this way is abusing them, abusing
them because you are not using their real potential,- the thipgs that they
can really do.

\

-Why use a Computer rather than using a pencil or paper? What are the corn-
parative advantages of a computer over pencil and paper? They can all be
summed up by the statement that the computer can talk back and the paper
Can't talk back. .Paper only talks When you, the user, write on the:: paper.

Now, that's a little bit exaggerated. You can cleverly fit a programmed
text so that the student gets sent to one page if he answers Aand:gets sent
.-td another' if he answers B. You can do a little bitof branching. It gets
very cumbersome technologically after a while, and a computer can do thtt
much better.

The computer hat a-comparative advantage-precistlyHin the domain of. an-
swe ing_back,_of doing something. in response :to: the student; of being
res nsiVe to important aspects o;:the student's behavior. But that-doesn't
'dome for free. That ...requires .sophisticated sOftware., Computers only

__.'xespond in intelligent and interesting :ways to students if ,they (the
computert) . have acquired some intelligence along the way, some artificial
inte ligence.

I\
Andhence the general slowness with which we have been able to create CAI
syste s that go:verymuch:leyond. what could be done with the programmed

7
text. 1110 slowness, of that development is.timply.a, reflection ofthe slow-
netS-of the develoPmentof':artificial intelligence,. which again is something
that people were talking about and doing a littleCtitrabout:as long as2T
years Igo, but which has gotten. up to -a high pressure within the last five
1rears not much more.

Frl, poin t one about computer -aided instruction:" the rate at.::whichwe are
going: be able to introduce it is paced by the level ofHour understanding
of arti .cial-intelligence, because.thecomputers that do a good job at CAI"
are going to:be intelligent computers. Whether artificially or naturally,
they are going to havetO be intelligent in one way or another'.

Second,. ere Schemes of CAI have been introducedthere has been a fairly
high rate, I think,of attrition. (If my facts are Wrong in any: of these
things, there are a lot of knowledgeable peOple'at this conference WhO can
correctm , and so I will-Anake-.0utrageous:statements tonight and tomorrow

...



you can straighten
of attrition;. that
could even mention
when you come back
what they were in 1

me out.) But I think there has been a fairly high rate
is, systema are built with a great deal of enthusiasm (r.
a,couple of local examples in which I participated), hit
five years later you find that teaching methods are about
970. They're no 39nger usingthese new technologies.

And When.you ask Why,cthere is usully a 'good reason. The reason is that
many of the schemes' we develop:reqliire an enormous amount of work for, their
fltaintenance', for their continual:upkeep. Forexample, we had a number of
teachers-, here, who are enthusiaatic about student-paced instruction. As
those of you who have experimented` with it know that requires teachers to be
ableHtogenerate unlimited supplies of interesting iproblems, and providing
new ones. Faculties simply have neither the time'nor. the motivation to con-
tinue tO:develop these problems If they have to be developed by hand,
afterfive'-years or thereabouts. of enthusiasm, the student -paced instruction
tends to fade from the scene again and you go back to traditional .forms of
instructio4.

Well, here is a place for pOssible application of the,computer. We already
have some examples of computer programs that generate problems so. that the
_instructor doesn't have to produce them one by one ..The schemes of this
kind that I am familiar::mith- that actually have .reached the stage of
-practice have mostly used a number -of problem templates, maybe a sizable
number,. What the coMputer, does is to plug in. parameters, to, instantiate
these problem templates and create specific problems.

Thatrs,411 right, except again it leaves you with a fairly stereotyped col7:
:leCtion problem formsi: and -perhaps\ less imaginative problems than the
students should be exposed to over a long:.period. Here again, if We,:are to
do more automatic problem generation and dd'At better,',the computer programs
Will need more intelligence,, they will have inderatand more about the
task demands for which,theyare creating probleMs.

So we have to ask ourselVes,if wefare going to do.,'more compUter-aided in-
struction,Alow are we going to meet the costs of mlaintaining.Such systems or
man them? 'How are we going to makethose:systems exportable? .It's complete
madness:,to suppose that mateiials:for eachycourse,HComputer-aided or other-
wise, should.be-developed at the pointwliere that course is given.

With traditionalmethOdaof teaching, We-solved that: problem with something
called the textbook.There are bad textbookai but;therealsci are:goodtext
bOOksend I don't know WhetherloadtextbooksdriVe: out good or good drive
Out bad. ,But the::fact.thattextbooka-are:imiblished,': are, nation
ally and internationally:aVailable, dOes: raise aubStantially.the level, of
teaching materials over what would be available, if it. were a cottage indus-,

everybodTwere writing his own textbook in every single class that
was offered.

°

We, have got to develop the.kinds of institutions that allow the.dissemina-
. tion,of computer softwarein the same'waythat t2Xtbooks are disseminated.:



And that's happening, as we know, from: the software efforts of the personal
computer companies in the last few years, especially.

It's happening, but-it has a long Fray: to go before.we have a stable, under-
standable system for the diffUsion of advanced pedagogy in the form_of corn-
puteriprograms, so that the diffusion will amortize the investment in pro7-
ducing them and provide the incentives for producing them that'is provided
by textbook royalties today. Only then will we begin to institutionalize
this/practice.

We/are all aware, (and I am not. going -to solve the problem tonight) of the
/

g eral difficulty of institutionalizing.neW practices in education. Almost
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e last thing.that happehed to the classroom that changed it at all was the
/

nstallation of ft-blackbOards towards the end of the last century. Perhaps I
/Should also mention the vuegraph, although my friends in the auaience know
-r/

that I:regard thatdevice as a backward step, and you :do not see one on the
platform .tonight.

We have very definite problems, then, of advancing artificial -intelligence
to the point where it can support sophisticated uses of computers in in-
struction; second,: of disseminating; materials and motivating the preparation:
of thoie materials; and third, and more generally, institutionalizing any
kind of change in our educational institution's.

I am rather optimistic about the prospect of disseminating programs, provid-
ing we can :motivate: their prodUction. It is much easier to diffuse
artifacts than to diffuSe ideas.In the spread of Christianity Overa'large
part of the world, it proved easier to disseminatethe cross than to produce
human - ehavior compatible:with the. church's preachments.

In the case of computer programs, we have something going for us, Iecause
the technology is encapsulated in boxes called computers- and floppy disks
that contain the software. Hence the technology is transmissible. And that
hasn't been true of most of-other.kinds of educational innovations, since,
as -I say, the blackboard.

Before I leaVe this topic, I want to say just one, more word, because ,I do
not want to Iedye with you the impression that I think that ,the. only_kind of
computer-aided instruction has:beendrill-am&TractiCe programS. That would

--- be- -unfair.-..to -the peoplewho have been'Working As a:matter'of fact,
I mentioned one -counterexample,` the management game, which is widely used in
business schools in this :cOuntry..

Another example _is the artificial laboratory that is to say, supplementing
the rillysicsor.-thechemistry:or the*YchOlogical laboratory with data tanks
So developed arml_so.organized that students can be instructed to design and
carry, out:experiments using 'them. This technique is not limited to the
natural scienCes,,by/the way. We haVe:had a:'very. interesting exercise of
that sort in history' in ourundergraduate.college here.

An interesting thing about these docuMentS is that:if you try to make a
catalog of placeswhere::computers area now being used imaginatively in



education, where they are now being used in a, significant and important way,
'very few of these applications would have explicitly associated with them.
,the label "computer - aided, instruction."'

The Computer is already being used, particularly at the university level, in
an enormousonumber of ways in, instruction, only a tiny fraction of which are
called computer-aided instruction. If a psychologist develops a data bank
of real,or imaginary data for, say, some memory experiments, and then gives
his students assignments that require them to use the system to design and
carry out experiments, and analyze data, he will think of that as part of his
instruction in psychology and he won't think that he is doing something
mysterious called computer-aided instruction.

At least he won't think that in any,environment in which computer's' are
readily available, where anybodk can get their hands laid on them. Because
if computers are around in sufficient profusion, sufficiently accessible,
then imaginative' people are going to= find all sorts of interesting ways to
use them. And these are not necessarily going to be people who are focused,
on something specifically called computer-aided instruction.' They may be
just pclychology teachers who want to improve their' courses or physics
teachers who find that they can't do as much in the laboratory with their
students as they want, or that for certain kinds of laboratory instruction a
siMulated experiment would be as useful as a real one.

And so if we made an inquiry around a university lElm this one, we would
find computers being used in all sorts of ways in.:instruction not only in
the engineering and science departments, but, as I indicated, in departments
as widely improbable-at first blush as history. And' we need to find, ways of
encouraging that because,this is probably where .a large partoof our develop-
ment is going to take place.

Let me leave,then the subject of computer-aided instruction. I am'sure that
is going to be examined thoroughly and understood better over the next few -

days. Let me devote the rest of my remarks to two other topics:,information
overload, and the use of computers for educational research.

Is .Information the Scarce Factor?

As-wer-aPlproach-the problems-of research-assOciated-with-computers-in-educa-
,

tion, we do need to stand b-ick in order to avoid the horseless carriage syn-
drome. We need to stand back =and try, in a variety of ways, to define what
we, think the basic problem is. That includes'characterizing not only cpmpu-
ters and education but also characterizing the society in which. these compu-
ters are being introduced. Here I would like to try to correct what I think
is a fairly.widespread misapprehension, probably not shared.by any in this
room but certainly shared outside this room by lots of people.

We-hear a lot of::talkabsout an age of:information. We hear a lot of talk:
AbOut',theVoilUmetof information:we produce and consume in our society. And
certainlytherels a!lot-,Ofinformation,.: or at eyMbols:going



around. (It depends a little on your f
definition of information as to how

much you think information has increased.)

TO understand how we should go about dealing with a mtr.:ld in which. there are
tremendous amounts ofinformation,:we have to take into account not only the
producers of that information'' but its consumers, that is, we human beings.

Another way, of characterizing our world, other than as a world in Which
there is lots of information, is 'in terms of the scarcity of attention that
information has produced. If you have some information and some information
processors, then the more lnforMationyou produce, the scarcer the attention
to that information, the scarcer the-capabilities for processing -that infor-
mation.

We apPrOach research on compUters in education in :exactly .the wrong, way if
we think that the function ofcomputers is somehoW or other to proliferate'
:further the information in society, We have to think instead about the fact
that people only' live 24 hours a' day and of that they; usually waste eight
hours in sleep, 'andsome insist on eating and so .on. Nencei,there are only
about 16 usable hours, a day, and you don't increase that number of hours-by
increasing the amount of: information that-isiround. So if:computers are to
be helpful to us at all, it must be not in prodUcing more information-- we
already have enough tooccupy Utitfrom daWnito dusk- -but to help us attend to
the information that is the most usefUl and interesting or, by Whatever.yOur:
criteria are44:e mast 'valuable information.

O

Computers are only going to help do that if they are intelligent. I don't
want a computer pushing.the New York. Times under my-nose every morning. (I

have another lecture in which ..I explain why that's bad for your health:) If
I am going to have any transaction with the New York Times at all, I want
the computer to screen the. Times very carefully and pick out the few items
that I should be attending to and, preferably, to attract and,digest them
and maybe even provide an interpretation of them if it is clever enough to
do that--particularly if it knows about the subject of the item`- that I

know.

Computers are just going to add to the :din already produced by radio, tele-
vision, and t,.).1ephone unlesa.they have enough int4dligence to do a large
amount of processing of selection and of analysis of the information for

And that applies .in the application of computers to education as well as: to
computers anywhere else; We have great technical capabilities for creating
data banks. But, who needs data banks? I have the World Almanac, and that
satisfies lots of my needs for data.

Who needs a data bank unless there are sophisticated routes of access to .it.
We doW.t have a very, large library at Carnegie-Mellon University as univer-
sity libraries go. We are mainly an engineering school and engineers don't
read very much, it is said. But nevertheless, there are more books in that
library_than I am ever going,to read in my life. Maybe the library doesn't



have just the book I want to read, but I will never: know that unless the
library is sophisticated enough so that I can find out. effectively from it,
(a) what I might be wanting boread, (b) whether it's there, (c) how to get
it, and so on.'

So the task before us is to find out how to make computers intelligent
enough so that they will help us conserve scarce attention. That is the
real.?roblem LI our society.today. I don't mean_ we don't have,problems of
lack of information, but the kind of information we lack, like,what is going
to'happen to the stock market tomorrow, is not _information 'that computers
are going to provide for us.

Computers for Educational Research
.4

Now let me get .back to the more' specific topic of computers in education for
my final remarks. If we are to 'avoid' -the horseless carriage syndrome, we
:must be careful not to assume that the.only or even the principal Signifi-
cance of computers for educetion is in theit direct use as an instructional
.tool in anything that We:would want to callcomputer7aided instruction.

As a matter-offact,' I have an alternative candidate, and I hope that our
alternative candidate will receive'a greatdeal ofdiscussion at thitcon7
ference." We have,discovered in the last quartercentUry thatcomputers can
be used.':to mOdel,hUmen thinking processes. We havelearned that computers
are a powerful tool for IpsychologiCalatheorizingi that.computer-prograMming
languagee seem to be the rightAanguagedin Which tioexpresa psychological
theories, at leastLtheOries about cognition, theories about how people
think.

Now, these are mildly debatable points, and we could debate about them at-.

little bit. But let me :just, assert for purposes of the :argument that in
fact ,we `have now this powerful engine.H What doesthat have to do with edu-
cation? It has:a great deal to dowith the fact that education today as we
,practice it is nearly 'theory7free, end..Wekhow froM otherrealms of human
.endeaVor, that we cane, usually make order---of7magnitUde-:progress when we move
from a state of coMplete pragmatism to a stage where our professional pra6-
tice really has an underpinning of fundamental- science.

That change,toOk place in the engineering sciences beginning withiNewton
probably, butHdontinuing steadily with the growth of modern physical
science.----It:-took-.7place7inT-medicine-Tin---.thia7oentury when, for the first
time, the practice ofirredicine:was,;essociated:with and:Stronglyjnfluenced,
by an increasingly deep understandingbfyhowthehuman organiamworks,

'Time after time, when we .begin to understand. how a mechanism works; then.we
can improve by very large-MeesureOur abilityfto deal with the probleMs that
arise' When the mechanism doesn't work just right.

What did mean when said that out practice of education is almost
pragmatic? Well, we have a few empirically based principles. We know that
people seldom.learn things unless/they get feedback from their performance.
That's called knowledge of results or reinforcement.



We have. a ,second principle; WhichHI am illustrating now.not-by the content
of my talk imit'by the fact that:1 am giving it The- second.principle is
that if yoUL_assemble people in a.room and spray words atthemi some of the
words will be contagious and cause fever or other symptoms in the listeners,
and some learning may take, place.:ThereLis a process whereby words produced
by some people produce changes in the Mentalstates of other people.

We know how treacherous a process:it is. I don,"t:.know. whether you.have ever,

had the experience, .those of you who are teachers, of reading the notes that

your students,-take if you allothem to take:hotes.. a.

searing experience.: But we do know that if you allow the process to go on
for 20 or-30:years, somechanges are induced In the'people at:Whamthe words

are diredted. Now,-:I7think one could allegethout too much exaggeration
that these are the kinds of principles on which education is based 'today.
The fact that'peoplel dagetHeducated -shows that the principleSwark, but
:certainly doesn't show. that they work with anYefficiency, as evidenCed by
the fadtthat now we are devoting,a third or a half of the :lives of most

Americans and .people in other ..advanced countries to the eddcational

process.

To be honest With.ourselves, we .don't do that just because those years are

reguiredto build the necessary skills. There is also the babysitting func-

tion for the lower years of,Schooling. There is also the consumption aspect

of life in college, WhiChfsome students at least findenjayable,.so much so
thatthey,delaygetting their degrees and can't be-kicked out.

Butneverthelese, we certainly, are faced here with a process that is excee&..

ingly inefficient, and inefficient:primarily because we don't understand the

learning proceSS, althpugh all the:. signs.:are that we areHiery rapidly

acquiring a viable theory of it. Themputer.has already played a very
large:role in. that ecguisitian'byalloWingus ta:madel human thinking, human

prOblempolving:performancehuman-learning,..humanconCePt:formatiOn.

So I would hope that:our -.attention here, T.4hen we talk aboute subjeCt as
broad as research oncomputers in education, will not 'by any.- be
limited to the.. things we could call ,computer7-aided' instruction but would

focus very much. on the roles that:computers can play as research instruments...

in gaining this.deeper understanding of huManthoughtprodeeses.

Since there are.a nimber of people AnvolVed:intheConference who have been

engaged in that veryTeffarti7-and-17can't believeLthat theyHaregoing:tore±,....,_

main silent;overthe next couple of days, I do have:Sarni! assurance that` this

.is going to be taken carel.Of.:

Computer Literacy

In asking why we should be'interested in computers in education, we have a
particular challenge that people are now aware of and are talking about a
good deal in our society and in other industrialized societies. And that is,

we have a concern for something that mightbe called "computer literacy:"



Now, that is an ambiguous. phrase, "computer literaCy." Everybody is talking
about it, everybody wants it But I should point out to you that it is
really not a new problem, because .theproblem of computer literacy is really
a Apart of a broader problem that has been with us for quite a long time,
certainly through most of this centurythe problem 1pf cuantitative literacy
for the population of a technical world.

I go back to the thesis of C.P. Snow, the English scientist and writer who
talked about "The Two'Cultures"-akthe culture of humanism and the culture of
science and of -their difficulties of mutual communication. My concern about
this, and the concern of a: of other people, is that if you have a socie-
ty that is highly technical, then people who feel that they are fenced out
from the technical part of society will feal that they are also fenced out
from most of the important decisions that are being made in the society.
And they are going to end up in .the psychological state we call
"alienation."

There are plenty of evidences already in our society of the mistrust of
technology (not that there aren't some things abOut technology that need to
be mistrusted, or at least looked at very hard) based on exclusion, or
feelings of exclusion,' from the vital decisions of the society.

So we have a problem of quantitative literacy, and one part of that is the
problem of cOmputer literacy: computer literacy may even be, part of the
solution of, the problem of quantitative literacy. The computer may give us
a means for opening the world of technolOgy to large numbers of people who,
for good reasons or bad, would not have it opened to them by the calculus or
by other classical mathematics.

I don't think we know yet whether that is the case or not, but there is at
least the possibility that the computer is part of the solution of our prob-
lem. And if it were--now I am being a little bit optimistic--it would-be a
solution at a very tolerable cost.-

I' have made a few back-of-the-envelope calculations of what it would-cost to
give all the in our schools at all levels,quite good access to compu-
ters today. .It would probably note require more than an initial capital ex-
penditure of the order of magnitude of $10 billion, or five battleships out
of mothballs-, or about one-tenth of the annual eXpenditure for education in
this country. But this is a one-time rather than an annual expenditure. So
it is quite a bearable cost of our society to give all kids good access to
computers.

Again, we hive to worry about the institutional aspects,. of that. We all
know horror stories about computers that have been locked in closets, not
because they behave badly but because is was feared that children might be-
have badly with them. And we have to find some way not only of getting the
computers into the schools but leaving them in unlocked roans.

It was the _experience of the .universities a couple of decades ago (the ones
who went early into the computer business) that if the computers are in un-'
locked .rooms, the students will get at them and the computers will teach the
students what computers are all about, or at least they will teach a lot of

t:i-
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the .students any? they will teach the.others. And after:a while, the faculty
will getedharrigiumm-mI that they don't know, and they Will get'into the act
toc_

first: on this campus was in the basement of this building (the
achool of Industrial Administration). It was in an unlocked room,

and that d ilap75en. That is the Way that.camputers were introduced in this
institution and in many others at the collegiate level. -.Although it is a
slightly more difficult task, a lot of that could 'happen in secondary and
primary :chools and even is happening right now.

As you know, governments are blunt instruments; they are not instruments for
fine-tuning anything,' as ;we discover when we try to use them to run the

,economy. They are blunt instruments, and the main thing ..they can do is
spend money. Here is a way. in which you could spend-$10,billiOn with a very
good chance that you would make a maj6r impact on computer literacy in this
country..

Now,. that is very much like the spraying theory. It is a remedy that is not
based on any deep understanding of what computer litetaCy,isor how people
acquire it. I only propose it because all of us have, a feeling of the ur-
gency of doing something in the present situation.

But, of course, in the longer run, we :must-ask. what computer` literacy is',
what the capabilities are of . people in a democracy to understand enough
.abOut technical matters, ot about ways of reasoning on technical matters,. so
that they:can participate in. the. basic political dedisions of the society.
The only way we are going to find that out; again,:'.is by.fundamental. re-
search on human thought processes.

For example, on the basis of the interesting and important research that has
been done on,separation of, the cerebral hemispheres--Roger Sperry's research
and the research that has followed on it--there is a lot of romancing about
the two hemApheres. According to this interpretation of the hemispheric
research, there are the analytical grubby thinkers who think over on the
left side and there are the creative, global, holistic thinkers who think
over on the' right side.

Well, fortunately, that is nonsense. None of the' evidence: we have about the
two hemispheres supports any..such model of the thought processes there. But
the fact that such ideas can even be entertained is an indication of how
much we still have to learn about human thought processes in order to under-
stand what kinds of thinking people are capable, of, whether different people
are capable of.different kinds of thinking, and what we do about that in
education for literacy, whether it be.computer literacy or some other.

If I had to pick a single target for research in cognition, it would-be the
target of finding out enough about human learning and thinking.processes so .
that we could even define, and then.begin to approach and solve, the problem
of quantitative literacy or` -technological literacy, or computer literacy or
whatever you want to call.it. Because I thinkaiteracy is terribly impor-
'tant for the long-term survival of any society having the kinds of demo-
cratic institutions we all want to see preserved.



TECHNOLOGIES FOR LEARNING

Raj Reddy
Department of Computer Science
Carnegie-Mellon University

Pittsburgh, Pennsylvania 15213

ABSTRACT

This paper explorestrends in computer technologies and their implications
'for-learning and:education in thefutUke. Learning- technologies Of.the fu7
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'learning exercises, computer technology will permit us_to:ekplore techniques
such, as ApisOdi0 learning, learning from eXampleSand eimulation, and learn
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. Introduction

,over the past 20 years, Thave observed with interest and wonder many of the
Pioneers :34119' have attempted to use computers. in_ the, classroom.
Technologies that are available now or are likely to be available over the
next'threet0 five)rears promise the potentialfor new,:eXciting methods for
teaching and learning. My task is to explore- the 'range, of, sophisticated
applications ;in education that-may become possible withtheavailability,of
a microRomputer 'system more powerful: than today!esupercomputers and to
present the technological 'advances that are essential before such
applications are feasible.,

2. Role of Education in a Changing Society

It is known that with rapid changes in technology,most,Ofthe tools and
techniques we learn in school (and college)fwill,be obsolete well before we
arereadytci retire. MuCh of what is notobeOleteWill be either,irrelevant
or cumbersome for solving problems that arise in day-to-day work-life'. The
onlyUsefulpart of the education-will have-been the Acquired ability of
"learningtO-learn". The,first problem for:edudation,thenie obsolescence.
The:key;:gueeticin for fUtUre technOlogies of education is -What is the most

".appropriate system of education and how can one rapidly Obtain and master
the:neW;knowiedge necessary to perform an unfamiliar task?

The second'problem for education is "information' overload ". There are over
6-100,MilliOn volumes in the Library of Congress, And they-contain 'nearly 100
trillion bytes of text. The roughly 500 daily newspapers-in the United._
States create over a trillion" -bytes of text `.every day (table 2:1, below).
Professor Oskar Morgenstern once said, "If' the pUbliOations on 'physics,
increase the next-hundred...and fifty'years_at the samelrate.as they have
increased over the last hundred: and fifty' years, the'weight'of the paper
then in existence will be about the weight of the earth." -This, in essence,-
,ip'the paradox of information, overload:

one consequence of the information overload_is the lengthoiltime it takes
to, master a eubject. To be effectiVe,,we haVe to master3tO,5orders of
magnitude more information than.Otii'Sncestors in thej9th-Oentury.;Even in -"
a subdiscipline; such as '."solid state physics ",, _it is nO,Ionger'Possible:to
master All,aspects,ie one lifetime; : If we were to,aitemptto,mister all the
books that areinithe,-Library of -:Ccngress; :we woUldhave to be sitting
around, not walking around, with brains weighing about 2 ions.' Given our
inability to master. all'the knowledge, .most-,of "us have to seek other
solutions% The result has been increasing specialization into narrager'and
narrower subfields. And,Yet,we know that breakthroughs'are often a result,
of the synergistiC utilization'of interdisciplinary knowledge.



LIBRARY OF CONGRESS
62 CHAR/LIN
40 LINE/PAGE
600 PAGES/BOOK
10T:,BITS/BOOK
16x1000KS
1014 BITS

Table 2-1:

3. Learning Strategies

The rapid advances in Information Technology provide'us with other options
to obsolescence and information overload. we must° find more "productive"
means of effective and efficient transfer of knowledge to overcome informa-
tion overload. The printed book .(or even the electronic equivalent of it)
is nolonger adequate for knowledge transfer. To be sure, an electronic
'book permits us to-transfer 'text infinitely-faster than before; but it still
depends on a human to acquire, 'assimilate, and use the knowledge that is in
the 'boOk. In one,lifetiMe we can only master a fraction of what is known or
needed. New forms of/cnowledge transfer, such as learning, of skills from
examples and observation, learning of science through entertainment, learn-
ing of arts through practice, and learning on demand, provide challenging
opportunities for new research in learning. In the following section, we
shall examine the technological requirements for some of these forms of
knowledge transfer.'

'3.1. Learning from Examples

Information overload

'PAILY,NEWSPAPERS
35 CHAR LINE

.100 LINES/COL
.6 COL/PAGE
50 PAGES/DAILY
500 DAILIES/DAY
.365 DAYS /YR

)07 BITS /DAILY
230012 BITS/YR

A great, deal of knowledge transfer in human species haPpens 'through example,
observation, 'and practice. When we, travel to a place for `the first time, We
do not read about every aspect of the journey from a book and use that know-

_ledge. To the-"contrary,.', we travel "accurately by observing signs along the
way. Interpersonal relattons and other forms of behavior learning'are other
examples where we acquire a great deal of knowledge through observation.
Most of the vocational' skills, such as carpentry, masonry, and mechaniCs,
are learned by example through apprenticeship_mechanisms. In most of theSe
cases, knowledge iranifer occurs not through,the conventional symbolic (ver-
bal) communication process but through example and observation. At pr'asent,
learning from example tends to be a very inefficient mechanism, because it,
requires direct one-on-one human contact, which is both time 'consuming and
expensive., This in-turn restricts "the availability of such knowledge to the
chosen few who have been,initiated into the profeseion. ,Computer, communi-
cation, and videodisc technologies, for the first time, provide the promise
of breaking this log-jam Of knowledge transfer for learning . tasks which
could-only-be-effected-in-the-past by direct "contact and observation.

3.2. Learning from Entertainment

One ,of the biggest barriers to learning is motivation: Going to school,'
education, and learning day-in ,and,day-out for almost 20 years of one's%life
is the biggest bore. When one realizes that most:of what one is made to
learn is either Irrelevant or likely to become Obsolete,' the apathy in-
creases even further.



The worldwide success, of the productions of Children's Television Workshop
and its role as a creator/Of learning tools does,. not require fUrther elab-
oration. The :main lesson for .us is that learnin% can be 'un; it can
attract children; it can captivate them; and, most interesting of all, the
material learned through this mechanism can be lone.; , lasting. The only
limitation is that,TV does not require the interaction of _the learner.

The more recent video game boom has the potential of becoming an interactive
learning aid. While we do not have many, controlled studies, of the role of
games as a learning aid, there is widespread acceptance'of their impact.
Lesgold (1982] has a more detailed review of instructional games.

3.3. Learning on Demand

We have already i4entified techkilogy-indnced obsolescence of knowledge as
one of the challenges facing future educators. One possible solution to
this problem' is to view education as a distributed lifelong' process where
one learns' the material as one needs it.

Unfortunately, .such learning -on- demand solutions are neither .practical nor
economical. It is a lot cheaper .(and.easier) to teach theprinciples of bid-
fogy to a class of 30,at some predefined time than to wait fot each one to
discover that:biolpgy is important to some, problem they areabout to solve'
andthen'engage in an educational exercise at that instant. HoWi'Ver, the
lo retention factor of the material: learned in school indicates ..that the

current education'process principally achieves a '"knowing Where and 'what to
look for" ',type of-: learning. Perhaps', if this is set. as the explicit
objective of earlTeduaation, then, new and creative :strategies can be'devi-
sed to teach children how to "learn7to-learW' and how to locate and utilize
information resources..

What then is the role of ''learningon7demand"? 1 Independent:of:what happens
in early' education, we :all find ourselves in situationswhere'f_we need to
learn new !kills, acquirenew:knowledge, and update our existing knowledge
base. There are a::number of:AlechanisMS, such asprofessional eeminars, tu-
torialsedult'education,Olassesetc., of use the:classroom
_modelfctraining. lt,ecent innovations, such:asieelfpaced leetning,;haVe
not'achieved widespread acceptance due to a lackoftdaching materials, in7
appropriate:teChnplogy:, and the high cost of providing an instructor to an-
.swet'questionearoOnd the clock. lidwevet, many' of the recent advances in
computer-baee&eduCationresearCh ( Lesgold,J.,arkin):MaYmake:it:possible to
providehighqUality,''individualized, self-paced learning systems.

. Hardware Technologies

Given -these potential learning strate ., what computer technologies will
permit us. to achieve our educational in terms of computational_ power
and e&momic feasibility? If we consider the power of presently available,
perspnal computers that cost approximately 100 dollars, we-can estimate. the
computational power we might be able to get for under.1C0 dollars in the
net decade. If I were to say we could have a super computer somewhat like
the Cray-1 for under 100 dollars, you might think that it is too farfetched;
r thought so too, when 'was trying to make 'such an estimate. But I have
extrapolated the technologies and it indeed appears possible to have that



kind, of affordable computational power in the very near. future. Our
difficulty in understanding such. affordable power is the result of the wrong
conception of,what a computer 16. If we think of a computer as all the
peripherals, disce,' and other components, then the costs increase
proportionately. However, it we think of a computeras a computational
engine that has a memory, a processor, and input/output capabilities, we can
'further isolate the cost of the sheet computational power. If we then ask
what kind of technologies are necessary-to build such an electronic box for
under 100 dollars, an estimate by cost in terms of volume of_electionics is
as good as any. It has been observed in the past -'that. a cubic foot of
electronics costs about 10,000 dollars. Using this as a rough metric, one
can assume that any electronic 'configuration that will fit in'roughly.10
cubic inches can be:purchased for about 100 dollars. But What can be packed
into 10 cubic inches within; the next 10 years? Giyen2the currelit. level of
computer sophistication, I anticipate that we willfhave an affordable Cray:
Within the next decade: ,a 100 .MIPS,(million instructions per second)
processor; a million characters of random access memory; and four; million
characters of program (read:Only) memory.

4.1. Memory Technologies

'Since 1970, memory densities have quadrupled about every four years. In
1970, ue had a 1K-(1000 bit) memory chip; in 1974, we had 4K. That trend of
development has continued such that today we have 64K memories available on
a routine basis. ,Assuming that trend will continue, we will have 1M (mega

_ byte) of affordable memory by 1990 (Table 4.1, below). A megabyte of random
access memory requires 8 chips that are approximately 1 centimeter eguare
each; they, are very thin if they have flat pin packing. Since read only
memories have roughly 4 times the densities of random access memories, we
can have 4 megabytes of program memory, which can hold operating systems,
compilers, editors, documentation, help facilities, etc., in another 8
chips.

YEAR . SILICON BUBBLE

1970 1K
1974 4K --
1978 16K 256KB
1982 64K ,1MB
1986 256K(?) 4MB(?)
1990 1M(?) 16MB(?)

Table 4-1: Memory Technology (Idealized)

4.2. Microprocessor Technologies

Processor technologies have developed "at a rata comparable to memory techno-
logies. In 1970, we had a.'4 bit processor; by 1975J we had increased to 8
bits; and by 1980, we had 16 bit proceasore. If the trend continues at that
pace, we will have 32 bit processors by 1985, and 64 bit processors by i990



(Table 4:2, below). The computational power of these processors, if
measured in millions of instructions per second (MIPS), has also grown by a
factor of 10' each five years since 1970. The 4 bit computer of 1970 was
what we c lled a 10 KIPS machine (10 thousand instructions per second),
which was e equivalent of an IBM 1620 that cost 100,000 dollars in 1960.

u

Each five ears, the power has increased by a factor of ten,, such that by
1980 we had\ a 1 MIPS machine. Extrapolating that same trend, we could have
a 100 MIPS computer by 1990. In November, 1982-, Hewlett Packard announced a
personal co4puter using half a million transistors which is a'20 megahertz,
32 bit prccessor with a '50 nanosecond clock time. Scientists at other com-

_L-panici are Working on picosecond gate-delay technologies. It is entirely
poisible with 200 MHz clock times will be "available on a priority basis
within the text 4 to 5 years. These processors, however,/ will be expen-

.

sive. .

Neverthelas, I claim it ought to'be possible.for us to have a 100, MIPS pro-
cessor, a me abYteof memory, and four megabytes of read only memory, plus
all the required circuitry, at an affoidable price by 1990. That kind of
processor wil 'require. roughly 20 to 25 chips, Which will mo9t certainly, fit
into a packag of '10 cubic inches. The question for us as educators is,
then:. What k nds of experiments canwe create to'use that much processor
capability, t much raw, omputational power? I think the answers to that
question contain exciting concepts that e-should speculate about and plan
for now, rather than Waiting for the technologies to arrive and,then asking
ourselves Whatto do with the power.

YEAR

1970
1975

1980
1985
1990

DATA PATHS 2 POWER # OF TRANSISTORS

4 BIT
8 BIT
16 BIT
32 BIT
64 BIT

10 KIPS 500
100 KIPS 5,000

1 MIPS 50,000
10 MIPS 500,000 (. ?)

.100 MIPS .5,000,000 (?)

e-4-24 Microprocessor Technology (Idealized)

Output Techn logies

Currently, there re a number of output technologies on the horizon. Mc
of us are famili r with graphics, and color; there are about a half dozen
color and graphic technologies available now, many of which are both inexpen-
sive and exciting. Many of the small personal computers already come with an
image buffer. Some come with, microcassettes, small dot-matrix printers, four
line LCD displays,and regular keyboard devices. Such systems are available
for approximately 700 to 1000 dollars. On a priority basis, 8 sine, 80
character LCD dipp ays are already available within certain companies.

Video dise technol gy is already being used in a number of laboratories.
Though the creationOf software for videodiscs is time consuming, they pro-



_vide the capability for a large-nUMber of discs with the same software, or
course material, that can be distributed throughout the country at very low
cost. Each disc_posts approXimately 15 dollars, and can contain roughly. 15
to 54 thousand images. Further, you can access the discs randomly.

There is a new technology called compact audio disc technology, which is
just being introduced in Japan and Europe; it isonot yet here in this
country. With this technology, a small disc, smaller than a floppy, can
store roughly a billion bits of read only memory.

There is also HDTV (high definition TV) technology, a 1.000 by 1200 line
color display hat-is already being developed, at least the standards are
being worked on. It is estimated by 1990 there will be 'such a commercial TV
receiver, probably all digital internally.

o

Speech output technologies are already here forsimple tasks. We have a
single board computer into which you can type any English sentence and it
will produce an equivalent speech sentence of acceptable quality.- _This is
now a commercial product.

4.4. Input Technologies

As for input technologies, again the question arises: What, can we. afford
for _under 100 dollars? Today, we already have fairly elaborate input de-
vices that are veil, affordable. For example,. Casio.markets a low.cost equi
valent of an electronic organ; the device has approximately 80% of the func-
tionality of an elecitric Organ that would have cost 1000 dollars a few years
ago: The device is available for around 50.dollars. it hac about 50 keys
that can provide many functions. Farther, it contains a clock with an
alarm, a calculator, an LCD display, and a speaker,. That is theokind of
media-rich input capability that we can anticipate within the next decade:
And given its low cost today, 'how much will it cost ,in- the future? If we
consider he cdst decreases for other products, such as calculators and
digital watches, it seems safe to say_ such a device.1411 become even more
inexpensive over time.

Therefore, it is not unreasonable'to assume tha: we will have 100 MIPS of
computational power 'and fairly sophisticated input/outpUt devices for under
100 dollars by-1990. There are, however, many issues involved. It is hard
to say what.the real cost will be; technological projections are-always
difficult, to make. Whereas we thought earlier that we would have larger
processors, we have, in fact, achie,7ed more integration and functionality,
such as'integrated processor,- memory, anda/0 electronics, on a single chip.
So, there may be different architectures in' the future that will provide
greater functionality without increasing processor power.

5. Software Technology

I am, going" to bypass programming languages in this paper because Alan
Lesgold covers, the issues very well in his paper [1982]. There is one issue
I would like to raise, howeVer. We seem to be suffering from the illusion
that programming computers is important and that all students mist therefore



have programming literacy. I want to differ with this view; however,
because over 99% of the. routine, common uses of computers do nbt require
Programming knowledge any more than driving a car requires mechanical
knowledge of t} workings, oftheautomobile. Most people will use computers
to assist, them in ways that will not require programming knowledge.
Therefore, we need to spend more time thinking about the types of assistance
we will wantfrOm computer's, what we want. thenyto do, not how to program
them. I am _not saying,. that no one should think' about programming; I am
saying that the questions about programming are by no -means the right or the
only questions to ask when :considering the future of computing in
education.

5.1. Operating Systems

When we consider large operating systems, which may network together an en-
tire nation, we must consider the purposes. People Will use such systems for.
Ore thing we will mort certainly need is distributed operating. systems. In
particular, we will need mechanisms for remote procedure ,calld that will
allow us to share programs, perhaps, On,anationwide basis. ''For example,
suppose I do not have a particUlar program that'I need, but Herbert Simon
has the.program.- Will I.be able to call that prograth and run it on my data?
.Further, there are issues'of.inter-process communication: Some problems are-

, -too complex for one person to solve. But, if there are ten, people who can
work together to solve a large probleM,' how can they pool their creative
talents? Thus, mechanisms for interprocess,communication are essential for
larger shared systems such as educational systems.

Then there are issues of transparent distributed file systems: 'How.do we
make o >ir interesting and valuable data accessible to others who might bene-
fit from it? If we have .to know exactly Where particular 'sets of data are
located in terms of accounts, file names, etc., then .they are not-very ac-
cessible; in fact, the data is completely useless to.people whO'do not know
methods for accessing such valuable information within the near future.

5.2. Data`Bases

Perhaps the most important issue .is that of data bases.H The question is
whatfkind:.of data bases dowe create? Ingeneraltherearea number of
problems we do not yet)cnOW how to deal with GiVen theinforination over-
load,-' how do we:Structure data basessuch that retrieval will beaccurate
and:efficient. An example of the probleuyis: illustrated by thefact that
the manual for the:TimeX SinClair1000_weighsmorethanthercomputer itself
The'manual:ContainslOtdmes the information that thecOmputer4s capable of
holdig in its random:acces6 xriemot,- There, is absolutely no reason why
computers cannotb.self-describincp.. *t1V can put the same number '.1hOr$47

ters: that 'the manual contains in number' of read-only clop! poo*kis
two or three; then, with a small amount of software, you coulcyacc4;*it.
The cost should be, about the Same as the 40:psrc.ifprintin4 and distributing
themanual.fpUither, you wouldn't;. need to carryarOund a Manual..::SO. one
of:the rules forpeoPle!Who design user:interfabes:is:that the user should
not have to spend very much time learning'tO bSe ajiew design. There are



many 'issues concerning knowledge banks. We need. new techniques for rapid

indexing, intelligent indexing, and other. tools. that are useful but not
currently available on any broad scale.

5.3. User Interfaces

Most present, user interfaces in systems are very primitive. We need
forgiving interfacei that will .accept mundane errors on our part without
responding with an error message that forces us to correct syntax or

spelling.errors.- We must also develop media=rich interfaceS, computers you
can speak to 'and hear, touch sensitive pointing' devices, etc. There is no
reasonthat future computers cannot be media intensive. You should never

have to use a keYboard to communicate with the computer; in fact,' .r the

User Graceful_ Interaction Project we forbid the programmers to us...; their

keyboards. If they have to rely the.keyboard then there is something
wrong with their interface design.` need to design interfaces so they can
be personalized to our individual needs to respond to a .(ser according to
that user's needs,.raiher than providing a generic respolitti!. They :79uId
not explain answers to problems in the same detailed way.asthe manual; they
should provide a-context specific answer that is immediately usable..

6. Research Agenda

Given these advances in technology, how can we use them to enhance the.pro-
cess of education? What are' the kinds of uses that might be use.;:ul'and sti-

mulating? So far computers have been used to assist in reading, writing,
and some science courses. .There are many other areas that might also tene
fit through effective use ofthis technology. BoW can we use coMputeis to
help students learn art, drama, music, or foreign'languages? What does it

mean td.learn history .or geography? Learning geography by reading prose is

not very meaningful. A true geography lesson should allow a student .to see,

smell; and feelthe terrain.. Similarly,. a history lesson shouldipe more
than.the memOrizing offacts, names, and dates. Rather, a student should be
able to participate' in historical events,,or at least observethem,, and feel
them, more realistically through simulation. It is more important for Stu-
dents to gain a sense of what happened than it is for them tomemorize facts
and numbers. Knowledge gained through observation of participationthroUgh:
seeing' and doing appears to be more:long lasting. Such studentparticipa-
tion requires artificial labs, to simulate theevents: Technologies are al-
ready available to provide us with many of the tools to achieve-,.suck new

forms of learning. Bowever, there are several large'research piojects we
may have to undertake before such ideas beasome practical and economical:
the creation of a World Knowledge'Rank, and the development 'of Knowledge

Based Simulations.

6.1. TheWorld Knowledge Bank

Even though ve can' rapidly access much of the.knowledge in alpook if it is

in an electronic_form, all books are not available in that font today.
Though there are great libraries, such as the Library of congress, few of



us have regular access to them. The privileged few who can frequent such
libraries can only read a minute percentage of the books in a lifetime.

such

need to develop technologies that will allow us to convert books to an
electronic form so that more people can 'access the knowledge. We need to
develop technologies for scanning, character recognition, and language
translations. Though these technologies are not highly developed today,
they can be realized in the near future if given the right impetus.

We need to create a knowledge bank that contains the procedural knowledge
of skills and vocations. Such a bank should provide us with the informa-
tion necessary to build a bridge, run a dairy fari, lay bricks, repair a TV
set, or any of the other skills we might need at any given moment. The in-
formation should be useful, accurate, and easy, to access.

We should be able to acquire the knowledge from ancient manuscripts. There
is a wealth of untapped know11.1dge in these manuscripts that could provide
us with abundant insights. Perhaps we could learn from them history as it
actually happened.

We need technologies for indexing into very large data bases, and we need
technologies for very large archival memories. Though such technologies
are not realized as of yet, they will eventually arrive. Exactly when they
will arrive is not clear; but it is very clear that when they do arrive the
Library of Congress will fit into a very small space, because these
molecular level memories where features are measured in Angstroms.

6.2. Knowledge Based Simulations

In general, we need to be able to create simultions for training and edu-
cation. In the Robotics Institute of Carnegie-Mellon University, we are in-
volved in a project to simulate the workings of a factory. One company dis-
covered that it was wasting three million dollars <per year to train twenty
five new employees. Since the company was training the new employees on the
actual'manufacturing lines, each mistake by a trainee wasted valuable raw
materials. Through simulation, new employees can be trained to operate
these manufacturing processes Without the risks of loss. Once these em-
ployees have completed their simulated training, they, can enter onto the
factory floor with a' higher level of competence. It is estimated that they
will then make- only .ten percent of the mistakes they would have made
originally. This type ofsimulated training has been used for many years to
train pilots, who cannot afford to learn through ,mistakes while flying.
Once airailable on a wider basis, simulation systems will be a major boon to
education; virtually everything we need_ to teach can be simulated. Particu-
larly complex processes that could benefit greatly from simulations include
design, planning, and logistic, support.

Allan Kay of Atari is interested in the concept of an active encyclopedia.
He wants to create an entire set of encyclopedias in electronic form. When
you access the information from this conceptualized system, you would not
get prose; you .see 'a simulated story.

will be



If the human being is superior to otherspecies,, it it not- because of. the
genetic material we inherit, not because of the capacity of the human brain,
but beCauseof our ability to create artifacts which can acquire, store,

transmitiland (more recently) manipulate knowledge.. In order to quantify
and substantiate,this::obtervation, 1 would like to explain what "happened
during evolution using computer terminology.

Let u Compare the genetically inherited information:of bacteria and express
it in terms of infOrmation storage. ,Th genome of bacteria would require

.

about 10imillion bits.of memory and that of a man woul&require about 12
billion bits of memory. Expressed anOther-, way, the information in the
genome:of: a bacterium would fill one 500 page book while that Of the human
would require about.1200! books- -not an enormous amount considering how
complex we think we are coMpared with bacteria which have nd sensors, no

//brain, ard'no ability to communicate except genetically.

The human brain is estimated to be Capableof storing roughly 3x1013 bits
. .

. .

of information. That means, even if we can utilize one hundred percent of
this'capacity, it will hold less than 10515 of the information in the. Library
of.Congiess. A more serious Problem it:that the:information contained in
the brain can only be transmitted through personal contact or ingtruction.
Thus aquatic'imammals, such as the porpoitet and whales whose brains are
fully as' sophisticated and about ten times larger thanourt, are locked in
an unfortunate situation They can't escape fromthepresent to use their.
past and,: therefore, are fOreverlrestrictedto infOrMation transferthey can
achieve through Airect contact in one lifetime-70ot unlike the Aryans
communicating Vedas by'recital from generation to generation in 3000 B.C.

Thehuman was the first .(and so far the only) sPecies to break the: barrier
to communication and transfer. of knowledge through 'the invention of

.multitude of artifacts: which might otherwise have required genetic solutions
for survival. For example,

If he wanted to keep himself WarMi he did not have to change
hit genet_to grow a fur cOa4 he made a fur-Coatv',he .built
shelters; he learned how to use fire. If he '.wanted to fly,
hedidn'tWaiti.to grow wingt to fly; he::,invented':a machine,

that flew _in the air. IfjleHwinted to go into the water, he
didn't wait:togrow-gills.:or 'a newbreathing apparatut;' he
simply invented a ship. If he wantedto.become resistant to-
diseasei he did not have to-Changehit:..genes;1711e.Created vac-
cines and wiped out polio and smallpox (SpiegelMani 1979).-:

The computer it perhaps theultimate Artifactcreated by man. In addition
to providing access, to world knowledge instantaneously, as-a,sytbol prOcestOr
it prov es us withthe,poteritial to convert.PassivelknoWledge in bookt into
an:ACti e forma. Thus it will, some day.,..be no:longer"necestary to:spend:days
asiim'iating information that be -able to Acicess:froM .ithe World
Knowledge.' ank in 'microseconds.`.' In short, eachpersOn could have an
intelligentaSsistant, advisor, and tontUltant,-which will surely change the
entire role of education!
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This chapter is partly a general summary of emerging instructional paradigms
and partly, some personal viewpoints on where to start in exploiting the com-
puter revolutian for education. My primary bias is to concentrate on forms
of instructionnthat are possible only with camputers and then to ask what is
needed for educators to begin designing and using those forms. Thus, this
paper begins with a discussion of what it is that excites me about having
substantial computer power in the classroom. The next section sketches new
issues of instructional psychology that should be attended to in the design
of computer-basedlinstruction. After that, there follows a brief discussion
of izsues of motivation that are relevant to computer-based education. This
is followed by the main body of the paper, in which recent computerLbased
instruction paradigms are discussed. The concluding section deals with is-
sues that arise with any new medium of expression: understanding its basic
capabilities, developing artistic standards for the medium, and developing a
sense of what well-crafted products within the medium, should be like.

1.6 WHAT CANNOT BE DONE WITHOUT A CDMPUTER?

It is common among critics of extant computer-assisted instructional pro-
ducts to hear complaints that most current commercial programs are nothing
but automatic page turners. Indeed, a perusal of the software sold for
school use produces quite a few exemplars of a form in which exercises found
in workbooks are displayed successively on a video screen. Usually, the
readability and graphic quality of the exercise is poorer-than in the work-
book and the acceptable student respohses greatly restricted. ,,Short texts
in capital letters with multiple choice responding is quite common. Yet,
teachers often welcome such aids; their novelty results in some students
spending a bit more time spent in drill than would otherwise Le the case,
and the very presence of computers in a school building relieves parents who
worry that their children will not be adequately prepared for the informa-
tion economy in which they will have to live.

We know that these reasons are poor ones. The novelty of the machine wears
off quite quickly unless the machine is delivering an interesting message.
Being-exposed to computers by using them trivially is no more preparation
for a career in an automated world than watching soap ,operas abodt doctors
is for a career in 'medicine. The research world must provide leadership and
do, some of the analytical thinking that will, help educators know what is
worth doing with computers. What follows F.J.re several general areas in which
computers can add more substantially to the quality of education.

I.A. Rapid Diagnosis-

One major capability that a computer can have, given adequate eoftware) is
to rapidly daagnose specific sources of,student errors. Such diagnostic
capability can be used in many different ways. The simplest.possibility is
providing the teacher with an assessment of where different children are in
their acquisition of skills. Such data, perhaps gathered-from observation
of children's playing of games designed tO provide practice opportunities,



can help, in grouping children for small group activities and can- occasion
ally.reVeal specific skill weaknesses that might have passed for general
negligence. The BUGGY program developed by Brown and Burton is a good exam-
ple of this sort of capability.

It is possible to go .quite a bit further, though, and-to use computer-based
diagnosis to support coaching; and tutoring capability. The WEST tutor by
Brown and Burton illustrates this type of approach. WEST compares the stu-
dent's perforiance with a. model of expert performance and then generates
list. of skill components that are likely to be missing in the student. It

then has the difficult task of deciding how to intervene in the: student's
game7playing-in ways that might foster acquisition Of the missing skills.

R substantial extension of this approach might take account of how psycholo-
gista'currently think cognitiveskills are learned and might make diagnoses
that differentiate the need :for conceptual acquisition'. frcm the need for
practice of procedural skills. Such a system does not yet exist, but is a
feasible research goal that recent advances in computer technology and com-
puterscience make possible. A second research'goal of this sort might be a
Capability for diagnosing. baasic verbai,'quantitative, and spatial aptitude
levels and adjusting the formatting of displays-and texts to individual dif-
ferences in aptitude. The reality of elementary and secondary edUcation is
that many teachers, teaching- the Curriculum, are operating 'Perilously
close to the limits of their own understanding.. Consequently, diagnosis,
which tends to'reqUire sophistication Well beyond the skills being taught,
is hard. for them, and a computer assist would be a breakthrough.

I.B Quick Response And Attentional Focus

A second capability of computers, and one in which more progress has been
made, is the ability to respond quickly to the student and thereby keep his
attention focused on the task at hand. A variety of instructional games are
starting to appear that have this property, and other formats are also being
designed. However, there is much left to be done. In general, much more
sophisticated software and hardware will be needed if systems are to be

truly responsive and attention-deManding. Characteristically, existing CAI
systems make decisions- about promptingthe student at too microscopic a
level. Rather than independently assessing the rate and quality of respon-
ses by the student, they are able only to branch to a prompt routine if too
much time elapses on a given frame. 'This sort of context-free debision
making leads to various frustrations, such as being dunned incessantly on a
frame while you lodk,up a..word in the dictionary or not being alloWed to
proceed to the next frame because the designer thought you should spend at
least n seconds on each line of text. Here both motivational research and a
small amount of technological development are needed for computers to become
more useful.



I.C. Improved Laboratory Experiences

Computers can greatly enhance student opportunities for laboratOry ex-

ing the cost of the necessary, manipulables and supplies. Certainly, the.
computer can decrease the costs-of laboratories and can permit Laboratory
experiences that are tailored to indiiidual needs. It can provide ,simula-
tions of'experiments that might be daagerous in real school settings and can
bring those experiendes to a wider range of students.

periences. Educators value laboratory situations. We know that's ome con-
cepts are best learned from concrete experience. We also know that concrete.
problem situations allow useful exercise of drules.,
However, there are many barriers to effective laboratory facilities, includ-

.For example, there are many'students who have simple,Thotor problems in the
lab. There are others who lack basic intellectual aptitude's and have diffi-
culty getting through the specific instructions for ' an experiment and little
likelihood of making grand inductions from the experience. More important,
there are many 'situations in which physical-limitationsiimit effectiveness
even for the better student. For example, most students in elementary
school are briefly exposed to Dienes blocks or some bother concrete
manifestation of place value.- However, few are' able to. do significant
exercises involving' four or five places. The mechanical problems in
handling 10,000 unit cubes makes such .extreme exercises impossible. Yet,
there is indication in some of the recent mathematics learning research.
(e.g., work in the Greeno-Resnick group at my institution) that the concrete
experiences that underpinrunderstanding.need to be richer and more extreme
than is likely to result from current 'classroan experiences with these
manipulables.

The computer can handle thousands of cubes in a screen °display. It .never
dropstesttubes nOrbumbles.procedures such ai_titrations.Even hard-tO-
stageevents can be repeated if this is helpfUl.', In the face of constraints
produced,by time limits, motor coordination,limits, and aptitude limits, the
computer-based lab experience can ,succeed in doing.what would otherWise be
impossible.

The Physically Difficult Or Impossible

It can also do the.impossible" in another, sense. Physical demonstrations
MustHf011ow the physiCal Laws. However, 'studenti often. hold views of the
world that are incorrect, and they would benefit krom,COnfronting the,ipeci
fic differences between their views and2CurrentlY accepted-ones.- The compu7,
ter can illustrate both.accepted'reality'andrtheworld as a student sees it.
On the -computer Screen,:the sun can orbit .the earth, the laws of motion can
be :repealed,the gambler's- fallacy can temporarily hold true. '.This provides
important teaching opportunities. It also raises: the question of how to
.teach'young Children that computers can provide both important reality tests
and extensions of our fantasies, and how to tell-the two apart.

CI
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The computer , can also offer multiple viewpoints on a phenodenon,: as howp
below in the discussion of the physics laboratory programeIt;,students
can't_ see something important in a direct animated imitation of a Phenome-
non, a variety of graphical and sound aids: can be offered as adjunatsythen
the goal is understanding , the computer can make these displays 'fOr the, stu-

dent. In later stages of learning, it can help the atudent'2,Make*APhical
aids for himself.

I021 Computer Literacy

For parents, and maybe for all of us, the ultimate 'reason for having compu-
ters in schools is to teach students some of the basics of, an age they are
entering, in which information will be one' cUrrency' in\ our economy and in
which' many occupations will require the use of computers to 'extend one's in-
formation manipulating ability. For this to 'happen ':successfully, schools
need assistance sorting out which aspects of current computer usage will
provide _good background for the long term. .

,

.
.

There is a temptation to :: view computer literacy as the . equiValent
,,,,--

Of indus-
---.-----

trial s:,arts cla sea ',for Our times, as insurance that our;---ch ildr en will have

jobs. .The danger is in being too :ShOrtaighteA: When mY, father's school

board wanted to know Teihat- to,:,teach in arts classes, they asked
,

,..

lOcal. indus tr ialHleade re where theIe were jobs for which not enough people

had the right::,preparation . ,.1-1e?. was taught woodworking, drafting, and sheet7,

metal: Skills, Which', WeregoOd preparationstor jobs in an industrial midwest-
citythe :,SaineSkills were useful' for more than a generation .--

,, ..

,1 If that school 'boards used the '..,same `techniques today, echools would, to a
extnt , hoe:training students'. to AO exactly What automated. prograMming

systeine will be doing :tor--,us 'in only a-,tew:::years.,:: In areas with run -down

'industry, the might'. mlight-,eVen be: for: high school -graduates who can keypunch
.

Or program obsolete computers. Perhaps, with ,some. luck, the high -tech
Coastal:: Areas 'would:. be more tOreSighted,, but, even there, very temporary,

skill needs drive, ,.indds trial demandeH for Computer training unless we
have a clearer national sense of where the , infOrMation-processinT world is
going alargeHeXtent;Our -Whole society lacks the ability to ::-keep up
with-: the computer,: revolution. Finding the right' mix of skills to teach our
Children:,Is'ataskto Which, the best Available talent '.should be, applied.-

f Al le..failtoprovide. any' computer itera0y:,training, our children will be
doOnled. to "the loWer, portion ofthesoCto7econoillic scale.. If .,we provide only

the,Veneer.:-Cf skilI,needed to fit': into a Current, job or to be:a more likely
consumer:of current home computers, we provide a- few years: Of job security:
but gray an u, illusiOn ot,±immunity7 from obso leac ens e Fundamental ,,under

- _
standing ot:.,how to plane the solution of infOrmationprOcessing:.problems is
what needs to be taughtv:and- much research is needed to develop _exemplary
prototypes that the commercial World can tailor to local needs.



11.0 NEW ISSUES OF INSTRUCTIONAL PSYCHOLOGY

This. is a presentation about instructional methods. HoWever, I feel the
need to bkiefly outline some of the emerging principles of instruction that
can inform method selection decisions. Just as the last technology. of
schooling, which used teaching .machines; depended on behavioral theories,
the computer technology will exploit cognitive theory.

II.A___Automatici.ty Theory

Our understanding *of skilled performances such as. reading has matured sub-
stantially. While folk wisdom tells us that practice makes perfect, we hive
lost sight of this in our schools. Much of education is-organiied.around-
achieVing the lowest levels of learning. On tests, we ask students to be
correct 70 or 80 or at most 90% of the time.- However, correct perforraances
at the limits of our capabilities depend upon very high reliability and
efficienCy of lower level skills. No one, for example, can be correct 80%
of the time on a history test if he can only reCognize,80% of the .words or
if he must concentrate on word recognition at the expense of integrated
understanding. Recent efforts in the psychOlo4y of reading .problems and
even, to some extent, in work on math learning. has. developed a clearet
picture of the need for concentration on overlearning or automation of the
simpler subskills that underpin more complex performances.

II.B Pedagogical Theories

_

A second area in .which progresd has been made is the integration of theory
from developmental psychology with the more static accounts of competence
that'emerge from 'cognitive research on learning. and ,performance. We nowrealize' that sophisticated understanding of the

and

does:not simply ac7
crete:as apecificjwinciples are learned but rather that there are qualita-.
tive differences betWeen understanding at one level of learning and under
standing at a higherlevel. GlaSer',has -suggested that:temporary,organiza7
tiona of partial knoWledgehayneed to be taught to the Child., That is,, in
order to exercise the:learning that hasalteady.itaken..place,: it ;nay be
necessary, to provide. the:child with a coherentcrganitation fok what he
knows, evenif that organization:does:notperfectly Matchmote sophisticated
views. He calls .these ternporatyorganizations 'pedagogiCal theories.':. An
example might be providing a more Aristotelean:.theory of physics to ayoung-.
child who .is notypt ready to understand Newton's laws or using the meta-
phora of Galilean relativity to helpsomeone who is not yet'ready to. handle
the special theory, Of.relatiVity.

Researchwill be needed to clarify the types of pedagogical theories that!"-7,
should 'rbe: used and the citcumstancesUnder, which we should avoid such
approaches.

Perhaps the most important advances have come from -WOrk.dimed at developing



tutoring or coachingLeystems, Building acomputer-based tutor foraes'many
issues that cognitive. psychologists have otherWise avoided. Some of these
issues are so close to the margin of what psychOlogists knoW how to study
that they are also philosophical questions' what does it mean to un-

derstand a mechanism? what kindS of explanations do teachers :tend to offer,

'ancL how adequate are they ?). They represent simultaneously the highest
levels of basic abstraction in cognitive research and the most applied work.
Understanding what a good electronics technician knows when he is able to

----diagnose_equipment failures or what a person must know to assemble a

mechanical device has immediate payoff for a specific applied task and

general. payoff 4n principles for attacking other tasks. The WEST and ARITH-
MEKITiexamples discussed below elaborate on what is learned from: building

tutoring systems.

II.D Articulating Practice And Conceptual Learning

There is an' area of cognitiveipSychology that is not well developed but that
we will need if we are to produce the best intelligent computer systems. We

need a coherent theory of instructional design. For example, we know that

subskills should be 'Practiced at length. We also know that certain sorts of
exploratory worlds, especially when equipped with a tutor, can provide/deep
levels of understanding, Exploration and practice need not. be disparate
activities. We must resist the academic tendency to make lists of all the
separate kinds of things that might help students learn and .then force stu-

,

dents through one such device after another. It should be possible for the
very best designers We have to build systems that integrate several kinds of

instructional goals into a single coherent whole, that articulate practice

and conceptual learning possibilities. We will see the beginnings of such
designs in the demonstrations for this meeting, but substantially More in

the way of pace-setting prototype systems is needed. Perhaps an instruc-
tional systems architecture competition is needed--along the lines of the

)$,RPA speech understanding competition of the seventies.

This is a conference on computers in education, and our recommended agenda
should focus on that specific need. Howe7ar, we should bear in mind that
the best of such research will include some projects that are also good
basic science, and that we need that basic science at least as much as we
need specific software.

IMO MOTIVATION

Substantial work on Erotivation issues related to computer-based education is

also needed. Students' will do certain tasks on, certain computer systems

that they will not do otherwise. Theory needs to be developed and tested
that can .explain the motivational - differences between one system and an-

other. Such a theory, I suspect, will be an amalgam of current social psy-

chological work, traditional views of reinforcement and feedback, and prin-

ciples of cognitive psychology.



We need to better understand the differences between reinforcement throUgh
rewards that are not directly related to what is being learned points
for correct performance, or a chance to play a 'valued game) and the rein-
forcement that comes fromknowing that one is becoming more successful in askill. We see, in athletic coaching, an even-handed mixture of the twokinds of motivation. Social reinforcements are offered, but part of the
reward in practicing swimming or football skills comes from knowing that oneis moving closer to Specific performance goals,- winning racesk winninggames.

My personal suspi:::ion i that many students Who might-find it rewarding to
know that they are beco ing better writers orr,better problem solvers do not
actually recognize that success. What is the writing skill equivalent.of
winning a.football game? Perhaps it is recognizing that your latest work is
more fun to read than the stuffvon-wrote two months ago. Surely, it is
more.than getting five points on a scoreboard display.. .We need to know hoW.
it differs and how to make such successes evident to the. learner.

We also have, in the computer game world, achance to understand reinforce-
Mentschedules at en'entirely new qualitative level. The Skinnerianteichr
ing machine provided a reward within about a second:after a response. Each
reward was quick but theoverall pace of performance was not all that fast.in many cases. .CompUter games seem rewarding in part because one gets im-.
mersed in them and seduced by the pacing of action. The effects are not at
quite the same qualitative level as in Bkinnerianreinforcement schedules.
Work is needed to understand these effects so that we can use them better .

and with more certainty abOnt possible side effects.

IV.O REVIEW OF NEWLYEMERGING METHODS

Having presented several themes that 'I think are important to our delibera-
tions, I now take up my primary charge, reviewing' some of the recently
emerging forms of computer-based instruction. The striking property of

. these more novel-forms is that they provi6e, in one sense or another, an en-
vironment over which the student has. Nonsiderable feeling of .being "in
charge." The responsiveness of any computer system, including these in-
structional systems, to individual needs depends heavily on a system organi-
.zation that permits several relatively independent forms of computation to
be gb-ing on siffaltaneously, withthe student and Perhaps the teacher.ableto
interact with any of them. Both students and teachers will sometimes need
to examine and alter any aspect of the system, including the system's know-
ledge of its own state. The importance of this requirement for multi -task-
ing capability will emerge as the specific forms of instruction, are examin-
ed.

IV.A Instructional Cnies

Instriactional games can be a powerful force in education. Some learning re-
quires activity that is generally dull and repetitious. An obvious example



is. practice of simple verbal skills, such as correct pronunciation of a
foreign language:or.word recognition.in beginning. In addition, though,
there are concepts to be learned that are hard' to. absorb off the printed
page or from a lecture. Instructional games can sometimes increase stu-
dents' ability to get necessary practice done; the best games also provide
learning experiences that are difficult to create in, less realistic environ
ments. What follows are descriptions of several types:of games."

.IV.A0 Games As Filters Box* Prescribed Practice

However,) there is considerable evidence that intellectual skills also
quire considerable exercise before.they become fully effective.- In mathe-
matics, research efforts are beginning to achieve 'a rapprochement between
understanding and drill; in reading, evidence accumulates fOr the dependence
of the "intellectual" aspects of reading on automation of .lower level
skills, such as word recognition; even in domains such' as radiology, the
role of highly overlearned perceptual skills in the course of diagnostic
reasoning is 14, louring apparent. More important, substantial theory (e.g.,
Anderson, 1982) has been developed to explain the specifics of practice
effects. Consequently, even though practice is a less glamorous goal for
computer7based education, it. is one that should be vigorodsly pursued.

Practice-providing games need several properties. First, they must demon-
strably provide the practice for which they are targeted. Second, they must
be motivating' enough to keep the student engaged in effective practice.
Third, they must convince parents and teachers that they provide a specific
practice function.

Examples. Two short examples help illustrate these points. The first is a
game under development by my colleagues Isabel Beck and Steven Roth at the
Learning Research and Development Center. This game As designed to provide
opportunities to. practice differentiating words that have similar starting
and ending consonants but, differing vowel centers (e.g., bet, bait,bat,
beet, etc.). The game is similar to certain .electronic arcade games in_
certain respects. There is a maze covering the board, with words located at
various places in the maze. The child's task is to steer a small'creature
around the board with a joystick. The computer speaks a word, and the child
wins points if he steers ..the creature to that word and then presses the joy-
stick button. .Additional elaborations and compleXities are built in,-allew-
ing the game to he played at many different levels (for example, the faster
the response 'afper a word is spoken, the more points are earned; wild cards
can be used for any word, but they-will not count unless a related phonics
-Performance is done correctly)... The game, can be shownown to require perfo.:-
mances that are consistent with current ,practice goals in reading for
elementary school children. .

1 Games also can function' as Simulations of real-world::environments
that' the" student lis'studying (e.g., business games, war games, etc.). I

,'treated simulation as a separate topic, Which is taken because, it
imposes a separate - requirements on authoring environments.



However, it will be successful only if it keeps children's interest. This
it seems to do. Intuitively,-I can see many similarities between this game
and games. like Monopoly andJACMAN; However, we need better.research on
what it takes to make gaMet,euch as these motivating. We also need to ad-
dress the question of whether children who get regular access to such games
will'still be able to learn in more traditional environments or Whether cer-
tain games somehow destroy the mental' discipline needed to learn 'from
teachers:

A second example is one of the components in a computer-assisted writing in-
struction project at Bolt ,Beranek and Newman. A BBN group headed by Allen
Collins and working with outside consultants such as Jim Levin, has
developed a computer -based classroom newspaper.-.. Students can function as
both writers and editors of articles in this newspaper and have an array of
word proCessing tools available that allow them to concentrate on developing-
andediting compositpons.The final products can then be -.printed as a
classroom newspaper that parents and' friends can read. Such a syttem:pro-:
vides addit4onal motivation over traditional homework aesignments and also
optimizes jetUdent writing time by providingtools that facilitate,the
drafting and redrafting process. '-Work is alsoin:progress at BBN and else
where.on coaching aids that help students figure out what to writeabout in
the'firet place. ,

IV.A.2 Games As Discovery Environments

The topic of gamesas discoveryenvironments overlaps that of the coMputer
;

as a laboratory. In both cases, the game functions by creating situations
in which-the student confronts problems from which he can disCover:important
new principles. In the laboratory format, 'these si'lations are explicitly
creted according to tn;instructional sequence. In the game environment,
the overall game is engineeredeo that students often find. themselves in
such situations no matterHWhich choiceethey:make:inIplaying7the game. In-
essence,' the game adds a-feelingofbeing in charge to the experienCesthat:
other laboratory environments might also provide,:at a riek:that the etudent
won't always'make instructionally-optimal choices.

I will mention only one Ann piestrupat The Learning ClOmpanyhas
followed earlier 'NSF7sponsored .work developing a game environment::
called Gertrude's Secrets. 'The,game:environmentis designed to teach simple
logic and set ConceptstOyoung children the set of blue:squares is
the:intereeCtionok the set:of taue,things-and the set:of.:I.squareeiThere
are a numbe.iofwa.ye:JnHWhiCh the. environmentetiMulatee'txplOration by the
Child Whilttssuring that given sufficient (7'ploratory time certain concepts
will.toe:.acquired. The environmentitisiMilat:togames such.asHAdventure in
some respects At:the:etart'of.asession; the child controls:-a_Cursor With
ajoystick(the:program:workt-without aAoystick, bu not as Well)that can
be moved anywhere)bm:the screen except through "wall,," Around:the edges of
the screenthere are several Openingtin:the walls, giving theappearance
of a floor plan of arOomMoving,the cursor through an opening4coduces a
screen depicting,:an:adjacentrooW



Signs along the way point toward games one can learn to play.. Each game is

in a suite of three rooms, one to play in, one that illustrates the game in
action, and one that contains text with instructions. There is a helping
Personality, Gertrude the GooSei who brings the pieces for each game, pro-
vides a "treasure" after each game is finished, and stores the treasures
(pictures of valued objects) in a "treasure room." Two rooms provide re-
sources for,the student to modify the game him/herself, by 'producing new

. shapes to be used:as game pieces.

Several. devices seem to increase the effectiveness of this game. First, /

there are multiple levels of complexity, stimulating the child who has play-
ed before or' who is more gifted as well as the slower or newer player.

Second, there are elements of student control:. if'you don't want to make
Venn diagrams with circles and squares,.you can make some with spiders and

snakes.instead. If you don't want to play one game, you can play another.
Third, it is easy to get help you just move your piece into the help_room.
Fourth, the designer is a good artist, making effeCtive use of color,

graphics, and, most important,.blank space.

There are not many Ann.Piestrups around, and it is worth asking whether it
is possible to move beyond the current stage in which there are two or three
real geniuses designing instruction with 'the rest of us believing in every-

thing they do because our conviction of its overall value is not tatched.by
a clear sense of 'Which specifics matter. We might want to have research
available on.the kinds of motivational properties Piestrup hat,used. What

sOrts, of choices are, important for motivation? How many options are the

right number? HoW do you assure generalization from snakes and spiders to
triangles and squares?

Most important, we must realize that Piestrup has only begun, and the novel-

ty of her work hides:future problems. There are currently eight worldS like

the one just described. This means:that the total set of choiOesApf "rooms"

may already be pn the order of 200, with new ideas still being developed. .

Will a child find his way in the'game environment of the future: that has
hundreds of "rooms "? I think not Soon there will be need for great,
intelligence in these gameS, so that,the rooms a child finds nearby are ones
consistent with not only his interests but'also some instructionalals.

IV:A.3 General Issues For Game Development

Games are used as instructional devices in large part because of,thelikeli-

hood that the student. will more motivated to''play the game #tai(to engage

in other learning activities. Nonetheless, gameswi.11. be roost useful .for,

instruction when the motivation to keep playing is intrinsic to the game,

(in the sense of Malone-, 1981), and hopefully even. to skill for which

the game_ was written.. Ideally, students should learn:to recognize improve-:

ments in their skills as "success," without. need. fox a superimposed

artificial layer of reinforcement.

It can be safely assumed that there will be a continuing need for an arsenal

of motivators Whichihopefully, will -be used sparingly. In the sections



that follow, some of the issues this raises are explored. Of overriding'ith-
portance are several general concerns that may require research. We need!to
make"sOme decisions about the likely capabilities of software built run

of
ru

on different levels of hardware,. so that schools can have some sense of What
they will gain or lose by purchasing small-Memory, 8-bit Machines; 64K 8-bit
machines; 16-bit l_machinesta paths;:true_I6A5it-tabhtnedr-and---7
even largerones such as the liSp Machines starting to appear. Work is also
needed to develop standard toolkits, or authoring environments for different
levels of hardware. Hopefully, these authoring environments will lead to
some upward compatibility of software, allowing'eld tools to be used on new
machines. A major :purpose of such toolkits is providing easy access to
standard motivating devices, auch as those next discussed.

IV.A.3.a Sound And Light

Even a cursory look at successful arcade games calls Attention to the
variety of surprising sounds and animations that are used to entice and hold
the interest of players. At present, most games in arcades are based upon
extremely small amounts of memory and processing power. Thus, any of the
devices in such games should be readily available town instructional de-
signer. The only task for the builder of software authoring toolkits is to
make it simple and straightforward to use them.

A voice chip of common words and game noises should add very little (less
than $250) to the price of a system. What is needed'is a facility that
would allow an author, to listen to a variety,of strange opmputer-game'noises
and simple words and to specify which he wants to use in `a given instruc
tional setting.

It should be relatively simple to,develop a software kit which allows the
designer to specify, noidoe he thinks he might want in the game he is creat-
ing: At the time the game program is compiled, if no further specification
for a noise like "explode" or "pop" has been given, the system could offer a
menu of sound types for sampling and ask which one to use.

A similar capability ought to exist for visual effects, though here'the task
can get more complex. Nonetheless, it should be possible for an author to
ask for a visual explosion at a particular pair of coordinates, for an ob-
jecton the screen on change trajectory, etc. At a very simple level, this
is possible with a very primitiye microcomputer, such as the TI 99/4, when
certain forms of display control circuitry are included.*2 It would
also be useful, though a bit more complex to expand the graphics resources
discussed above to include some level of animation (at least simple changes
over short time 'periods).

2 I refer to the "sprites" that are available with TI LOGO, and- to
other facilities on various computers that have separate display controller
hardware.



T 't 3.b The Hall Of Fame

motivational device that can be seen in ame arcades (though it pro-
bably started in instructional computer uses, such as PLATO) is the "Hall of

In itsFame." 'Iits simplest form, the hall of fame is simply a student-accessi,
ble record of the.best performance recorded thus far. Hall of fame software
should be independeptcf the basic software structure for the game itself.
The game control module should--make_the results of each game available to
6ne or more_other modules that evaluate the perfOrtance-and:decide whether
to add it to of best performances. Neither thewiTter-
hall-of-fame' software 'nor.thedesigner of a specific game should have to
worry. about too many details of compatibility between those twoModule8.

The primary use of halls of fame seems to be in establishing, goal informa-
tion for game players. While -some players may wish to becomeTam s, it is
striking that players often use a nom de guerre. in recording - it

record-breaking performances in a hall of fame. Also consistent with the
::notion that access to goal setting and game shaping information is of great
importance to student game players is the success of more general
"libraries" of information about interesting student performances.

o

Of course, there is a paucity of research on the social comparison issues'
involved here, and it would seem useful to have some that was conducted
specifically within the computer-based instruction environment. If it is
possible to sponsor fundamental research of this sort while insuring that it
is done with a strong mandate to carry the result to the computer-based in-
struction arena expeditiously, this might be an important item for a

national research agenda.

IV.A.3.c Motivator Libraries

One of the important aspects of computer-oriented work settings is the sense
of community that can develop among system users who have a common set of
needs. In many systems, the elebtronic mail and bulletin board*3 cepa-
-bilities are the most frequently used resources, and the usage is -primarily
nonfrivolous. Problems that might have required weeks or months to solve
can sometimes be handled within hours by announcing the problem on a
bulletin board and receiving mail from colleagues with suggestions. Any
system user who comes up with an interesting idea that he knows will be
helpful to others-has a socially acceptable medium for announcing it.

*3 .A few definitions: A mail system. is' a method for sending a message
from one computer user to another, with automatic notification nof the

addressee of incoming.mail (by system broadcast, login message, etc.). 71

bulletin board system is one that allows computer users' to add notices to a
file that any other-user can access. .,Useful options in such systems include
, key-word indexed-directories of current postings, automatic resources for
removing old messages, and even automatic notification of a user when
,messages ofa class in which he is interested are posted. A library is a.
long-term bulletin bOard with enhanced screening and directory capabili-
ties.



Experience in the PLATO project, among other places, has shown that commutli
ties of students also can make good use of library and inter-Atudent corn-
muni,'ation resources. In a sense, this is an extension of the hall of: fame
con :pt, 6iiit:e many of.. tL idc".., stored Or announced are:"record7breaking"
perforMances.: However, more than this motives ion funCtion is served. The
presence of user libraries, bulletin board, and mail facilitiesin acompu-
ter syStem for instruction provides a potentially.important form of computer

.socialization for the students. They learn that their ideas may, be of use
to others and that others'may have 'solutions to problems they find diffi-
cult. Just as important, they get'experience in the social aspects of in-
formation sharing.

It is & major designchore to develop'thebackground environment for soft-
ware authors and for student" users of:instructional software. 14arket fac-
tors will tend to make it hard for any onebUsiness':to take on more support
design work than is needed to bring their own products to market.- hus;
without some collective activity- aimed at deciding which totil are needed:
and, then building them,-We will end up with many good systems that are in

incompatible., : This will .greatly multiply Software' costs and
cut the value of individual product efforts.

IV.A.3.d Student Designed Games

While I have already mentioned student tailoring of games, the more powerful
machines of-the future will per.mit even more dramatic possibilitied. Stu-
dents should, eventually be&ble\to build games from scratch, with the compu-
ter intervening tO--Assure that the games satisfy some instructioial goals.
systems or kits (in tkoi-sense of Goldberg, 1979) for student-created games
will require careful design. The problem is to allow the student to freely
invest variations on a game whiie,,cnstraining the choices to exactly, those
that provide a specific form of,,Fractice. Further, the constraints
should not be too visible to the student and should not be imposed in too
post hoc a manner--that is, the student shouldnever be in the position of
having specified a game only to be told, after dbing all the work, that the
game was unacceptable.

It is possible to write such game kits in any environment. But, it would be ,

especially pleasant tio build them`ln an -environment that overt specified
the objects that were to be involved in a game:, In such a situatiOran ad-
yance constraint could be that the object could only be accessed through
performance of the to-be-practicedskill. Clearly, the need for student\
libraries will be particularly acute if students are able to design their
own games.

Perhaps the poSSibilities I envision can better be understood via an exam,
ple. SupPose we wanted to Allow studentsHto build their choice of &variety
of bOard games that:Hwere more2:Or less like'Monopoly.*Thatis,they:would
have AJDOArd(a region on a screen) on Whichcould be placed a game track.
The student might be abietospecify the structure:of:such a track by either
drawing it:or deScribing it a square With 12: spAceS:on -dide, the
set :of interconnectecicellSsketched with a ii4ht:penetc.). It Would then
be necessary to:provide some sort of:label. for each'cell (square).



At this point, the basis for a finite state machine exists, where each
square is a state. .,Many games, have a move structure of the following sort:
when it is.yourmove,'you (a) roll the dice, (t0-move forward the number of
squares indicated, and (c) possibly execute -some 'process to find out if
somethinq.elSe will happen. The system should be.able to move a piece for
w.-' 7,- a function of a dice roll, though the'student may want to change the
na, _, of the dice, spinner, or other move generator. What is more impor-
tan is de a means of allowing the students to specify what the con-
sequence of landing on any given square might be. It is here that attention
to the practice goals of the game needs to be considered:

Within limited game types, it shOuld be possible for the system to ,,akt; cne

student's specifications and modestly alter them to maximize practice. For
example, the text a student needs to read in order to know what to do at a
given point could contain target vocabulary, a problem that must be worked
before points can accumulate at a given square, etc. Alternatively, the
student could be given a standardized frame to edit. For example, the stu-
dent might want a treasure clue to be revealed at a given square. He could
request this, leaving it to the system to "encode" the clue. Saneone land-
ing on the square in question would then have to break the code to get the
clue. Student-modifiable games are a bit exotic for present-day instruc-
tional systems, but should be quite feasible in the future.

Game development tools, like those for other canputer -based instructional
procedures, should encourage highly modular design, simple access of new
modules to the communications betWeen existing modules, and explicitly
specified-and managed layering of the softuare being built. Such a resource
will encourage an approach in which the- ciathor builds a prototype game,
shapes it by empirical, trial-into a successful instructional ccmponent, and
then- opens it up to the student by adding options for tailoring personal
versions. This may require research efforts aimed at further developing
languages such as LCGO'for this purpose.

IV.B Tutorial 111s1L922ElialilyEil

Tutorial and coaching systems ara those in which some sort of advisory or
hint ,giver is superimposed on top of some other activity, such as a game,
simulation environment, or programming environment (e.g., LOGO or Small-

,

talk). Such systems,in their more sophisticated forms, are best represen-
ted as a hierarchy, in which a tutor component "watches" the interaction be-
tween a student and the rest of the system, deciding when and how to inter-
vene in that interaction. They pose a somewhat different set of.require
ments for authoring cnvironments.

Of course, there are coaching systems that are much less complex, in which
any sense of hints as responses to the pattern of a man-machine Interaction
is at best implicit. For example, the TUTOR languaqe for PLATO, even in the
late 60'6 (Avner & Tenczar, 1969) contained a HELP command that allowed-an
instructional designer to specify a piece of instructional material that a
student would see if he asked fe..:r help or made Certain specific errors.
such a "canned hint" capability is not the constraining factor in designing
instructional systems,' since it involves nothing but an expansion Of the



range of responses a given frame is pre &red to evaluate and: act upon.

Intelligent coaching systems, on the other hand, represent a major new level
of complexity in computer-based :I.natruction. Rather than being explicitly
specified,'sequential (or almost sequential) programs, they involve

"interacting active procedural elements:or ACTORS. ...
Thecrucial issue then becomes the design of the sociology.
of ACTORS, that is, the communication and control
strategies used to organize the, efforts of the . independent
ACTORS" (Brown, Burton.Nliiler, deKleer Purcell, HausMan,
& Bobrow, 1975)..

In such a system, the mainline interaction between the student and a game or
other learning environment depends upon only one,: or at least only some, of
the independent. procedural Components. The tutor or coaching system also
involves different components,- Any authoring environment for systems of,
this type must allow for:the cleani.:effiCient, explicit specification of
multi- component structures. It 'also must 7.)ridge the -'gap between multi-
:component Systems:inthe author's mind andsubstantiailyisimpler hardware in
the Students:s:clas:irOom.

In this section, we review the requirements of likely future tutorial. and
coaching Systems. A good review of:issues highly related to this section
can be found in Clancey, Bennett, & Cohen (197,9). hIn that review, other

.architectures are proposed4nadation to the one advanced below.' HoWever,
believe there are a set:ofIcoMmon issues that will arise for any system

with interacting bUt largely independent: procedures and that such systems
will be required for intelligent tutoring ancYcOaching: to take place.

The requirements for:coaching and'tutOrial sYstemsarediscussed below in
the context' of theHWEST.syst.Ilm (Burton & Brown, 1979). That, system prOVidee
tutorial levels_ofhints:to a student playing acomputergamecalled
the West was Won" (Dugdale & Kibbie, 1977), :whichis a variant of Chutes
and LaddexS that provides drill and,practiOe in arithmetic for eleMentary
schoolatudents.'. In it, the' student is given threenumbers,on each move
(they: are generated by :three diSplays*On the screen). The
:student is allowedto otabine the numbers into an arithmetic expression :of
his choice: Thevalue of. the expression determines the number. of squares he
is moved on the game 'board. There are several- levels at which the game can
be played.



First, one can always try for the largett number. Later, one can begin
aiming for specific numbers that will be more advantageous because they land
on a "chute" that permits a shortcut or becaitSe they land on a square occu-
pied by an opponent, who must then move back some distance.

In order to, provide tutorial hints to a student, the ,system- needs to know
what the student is. doing (his move pattern), what the optimal moves are,
and what to do to improve the student's current performandes. In WEST, the
task is split into two. parts, diagnostic modeling and tutorial
decision-making.

IV. B.1

Diagnosis of the student's current- -Level of skill and performance is done by
comparing the output of two aystemcamponents,' the student modeler and an
expert modeler. The student':modeler outputs a canonical statement of the
-studeht!s recent moves. eThia-includes the current Move-and the underlying
skills that ::gave rise t.) it. The expert modeler similarly providet
information about the best current move and:the.underlYing.akills that would
give rise to that The two are compared, and the result is,a differential
MOdel'in which information relevant to speci is tutoring issues, is provided.
Inthe.cate of wEsT, the types of issues e (a) the rules-for composing
arithmetic expressions, (b)the rules, op ions, andstrategies for playing

the

game, and (c) general principles, of.g e playing.

Of course, the issues involved; in different instructional environments will
vary, but the system architecture of WEST is: a gosocL example -
considerable generality. The System/must have several peraonalities,
including the gameplayer that plays the game With.the:StUdept, the student
Modeler that watches student performance and builds .a.model-sof thestudents

,skill, the expert modeler that.describes CoMponents of expertise
relevant to the current situationc and'.the' differential modeler: that
compares the:expert and student models.. Another major Personality is the
tutor, described briefly in the next section.'



There are various, tutoring strategies in use in current intelligent dompu-.
ter-based instruction. They all have the property that they identify prin-
ciples (knowledge structures) that the student does not know and then use an
implicit model of learning to decide which principleto teach next and how
to teach it. Further, they need mechanisms to deal with the lack of curren-
cy and completeness in the student model. Thus, they involve rather complex
intelligent activity. Any system within which instruction is to be authored
must provide a programming environment that allows such complex tutoring

,

modules to be created.

In addition, the information about'correct (expert) moves, the student's be-.
havior, and the tutoring agenda,ueeds to be represented explicitly enough to
permit'the student to ask questions and to constrain the tutoring process,
at least in part. That is, the student should be able to respond to a sug-
gested move with the question, "What's wrong with the move I made?" ThusA we
see the need for multiple tutor roles, too. The tutor is sometimes a tacti-
cian, sometimes a strategist, and sometimes a conversationalist/advisor.

IV.B.3 Motivational Issues

Some tutoring principles may .lavesUch generality' that they shOuld be -opera -':.
tiOnalized as "a kit -; module) that can be: addedto any,'hinting/tutoring

dajorrequirement is that other .aspects of the system±dign
Should llot':dePend upon Whether the kit is in place or 'not. '2dlearlyithere
arealsogenial principles of tutoring that are domain-independent, or
mostly so. donsider the ,principlesenunciated recently by John Seely Brown
(quoted verbatim from Malone .& Levin,-19E1):.

(1) Before giving advice, be sure the Issue used is one in
which the.studentis weak.

(2) When illustrating 'an Iiiue, only use an kadple (an al-
-,:ternateMoVe):4n whichthe:result pr outcome of that move
ts,Atamatidally superior to the move',,made the St1.1

dent.
. .

(3) ,If, a' student' is about to lose, interrupt and tutor him
only'with moves that will keep him frapilosing.. -

(4) Do not tutoron two consecutive moves, no matter
(5) D0,11Ot_tutor before the student has .a chance.to discoVer

the game for,himeelf.
(6) Do not provide,only,criticism'When the. Tutor breaks in!_

If the student makes an exceptional move, identify why
- -*- _

it is gOOd_and congratulate 'him..
(7) After giving advice' to the stUdent,-offerAlid a chance

to retake his turn; bUt do-noi:forcehim
(8) Always hive the Oodputer ,Expert play ancptimal game.
(91 Ifthe student asks for help, provide several levels of

hints.
(10) the student is losing Consistently, 1

adjust,_:the level
of play.



(11) If the student makes a potentially careless error, be
forgiving. But provide explicit commentary in case it
was not just _careless.

A number of issues for the design of authoring environments are brought out
by Brown' s suggestions. Consider Suggestion 10, which concerned adjusting
the level of game the computer is playing against the student. This

involves' keeping track of the progress of the student' s game,
which is something the student model will probably be doing, at least
implicitly. The action to be taken, though, is to modify the game-player
module, not to intervene 1.4ith a hint. Suggestion 7 involves both hint
giving and modifying, the game pl yer (at least minimally). Suggestion 3
involves supervising the tutor in light of information that must come from
the expert vmod91.

What is apparent is .that a "motivation principles kit," surely something
desirable, must be able to observe the activity of various components and
intervene. It would be ideal if such kits could be added to any particular
system without regard to the 'specific content of the system, knowing only
that it was created- 'in an authoring environment that supports this class of
kits. Much more important, we need to 4reatly extend the research that
brown' and others have begun. we need a theory of tutoring, and that is a
major cognitive psychological research task. It is justified as a priority
research' agenda item by the ,sudden emergence of tutoring as something that
we can afford ,.t.o do-much-more than in the past--if we know how to do it well
and substantially by machine.

An obvious area of Concern for future .authoring environments it that they
provide tools for interacting with the student in a relatively natural way.
A complete natural language generator' as Leyondl current: technology and
_certainly beyond the scope of the 'machines likely to be in schools in the
next few years. Nonetheless, even constrained text generators that are
'imperfect will be of some use. The tutor needs' ttil' be able' to" interact with
the 'child! The authoring environment used by computer-based instruction
designers should offer a variety of partial language *parsers/ and sentence
generators that Can be used as tools by the instructional Systems author. A
standardized way of installing a parser or text generator as the one,, to be
used in a particular _instructional product will be very helpful, as will -a

standardized 'means for requesting natural language output and the parsing of
new,

0 '

IV.B.5 Summary Of Tutoring System Reseprch Needs '

can summarize the foregoing discussion of tutoring and hinting by
suggestingsuggestingrseveral areas in which research might be needed:

The hinting/tutoring- process requires a style of system
design that emphasizes multiple independent modules that
share in 'common some knowledge and also knowledge' of each

7.9



other's activity. The programming environments needed :to
support such efforts are' starting to become available, but
there is need for suffidient support of prototype develop7"
:tient to produce clear principles for designing such sysi--
tells.

o Intelligent tutoring systeMs tepresent state-of-the-art ar-
tificial intelligence and require authoring environments ,

that do not restrict the range 'of programming resources the '1
author uses. ' The trick will be:to provide:this flexibility)
while maintaining (or laying the groundwork for) maxima

,'portability : of Systems from one. running environment t6
another. Research will be needed to. .clarify what ehoUld/oe
portable: every program, certain run-time environments,
crosscompilers.;* interpreters,

o A theorY7 of tutoring must be developed,. in the ; cont xt of
intelligent dompUtei-based instruction. .:ThiS is.rhaps
the single most impOrtant long -term research need/. if the
power of computers is to, be adequately exploited. ;

o Research is needed to improve the natural language communi-
cations resources available for instructional uses. If we
know more about the student's specific knowledge lacks , or
if we know about aptitude weaknesses, we need to be able to
tailor how: -we talk to the student in the course of his
learning. ThiS is true whether the we of the-last sentence
is huMan or artificial.

IV.0 Laboratories And. Exploratory Environments

I next consider open-ended laboratory environments in which the student, is
able to do a wide variety of activities. Such environments can be monitored
by tutors, like Any other. Their crucial property should be that almost any
reasonable probable pattern of behavior by a student in using the environ-
ment should be a useful ,learning experience. 'Open-ended environments can be
used in two ways. One approach is to let the student decide how to use the
environment, perhaps providing some hints along the way. A somewhat dif-
ferent approach is to treat the erriircnment as a laboratory in which speci-
fic exercises- are to be carried out. These are extreme positions on a con-
tinuam of uses.

IV.00 Computing .Languages For Children: The General Lab.

/-.

At least one .general'.comPutational environment. ought to be available on any
instructional system.' Three primary; Candidates for such environments ara
BASIC,-LOGO, arid :Smalltalk.' -I. briefly 'discuss' each. ,of these possibilities

.

in.:turn, hoping to clarify` the issues yet to be faced in ,designing coputer
languages:for-Children.

8 0



IV.C.1.a BASIC

It is ` fashionable to look down at BASIC, and I tend to follow this'
particular fashion myself. Nonetheless, it is important to realize that
justabbut-ever y miorocomputer in a school today has a BASIC interpreter.
Thus for example, a book of computer literacy lessons or lab exercises for
algebra that called for BASIC programs to be written would have wide
generality. Further, some of the properties of BASIC were specifically
designed. to help facilitate use of computers by people with no computer
-background.

.The most important Property of BASIC is that it minimizes the need .-to
understand the traditional . series of events involved in writing and
executing a program: editing, compiling, loading/linking operations, and
actual execution What could be simpler than typing in steps-- of a program
in any order and then saying RU! Corrections require no knowledge of
editors or editing commands.*5 There are no compiler and linker
conventions to learn about. The syntax of BASIC is straightforward. It
ought to be the ideal playground alai laboratory environment for the
computer.

It is not The reasons have more to do with advz.nces in what resources are
routinely available on a computer than in any lack of design skill in the
/people who put BASIC together in the first place (Kemeny and others).
Today, even the smallest microcomputers have more memory and fee ter
performance than -the systems for which BASIC was written. Also, instead of
printing terminals that can only output 10 characters per second, which were
the tools in the first BASIC laboratorios for' students, we now have video
display systems that can be updated 12 'to 9Ci times faster ..than the teletype.

.

As a result, traditional BASIC systems have the following shortcoming's
relative to the state-of-the-art:

1. 117.-ielcrequir the user to keep in 'mind, or on paper, the
entire program. The user can only edit by naming line
numbers.. Thus, the structure of the language reflects the
trivial task of issuing* canmands rather than the more
basic task of planning how a problem' is to be solved. /

Because the only mode of editing is to retype the whole
line, editing is unnecessarily inefficient, requiring more
key strokes than ,necessary, perhaPs by a factor of 10 to
30 (cf. Card, Moran, & Newell, 1980).

. Because BASIC was 'written to be an interpreted langUage on
-slow systems, it has only 'limited program structuring
capbilities.. None of the conventions of current
programming pracik4ce, mainly involving highly modular,
hierarchical design, can be explicit in BASIC programs.'.

*5 A naive user Might find the 110+ editor cantands of the editor I

used to write this paper a significant barrier to rapid functional use of
the machine, I suppose.
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4. BASIC was written at a time'when computers prima':ily hand-
led numbers and perhaps character strings. There is a
lack of richness in the data types,available. In particu-
lar, liststructures'are not available.

5. No recursion is allowed in BASIC.

6. No explicit characterization of independent, interacting
"actors". is possible with BASIC.

7. No graphics support is available in BASIC.

For most of the complaints just listed, there will be challenges that some
newer microcomputer systems provide the resource in 'question. This is part-
ly true. However, the problem is standardization. The 'standardization of
BASIC is largely restricted to the components it had in its early years.
screen-oriented editing, graphics commands, etc., are not standardized.
Hence, real investments are required to build software that runs on multiple
systems.' usually, the efforts are not made. Perusal of any personal compu-
ter magazine will reveal that Software advertisements list BASIC program's
according, to the systems under whit;- they will run. Fun:her, problems such
as lack of support for modular dettign are seldom really addressed at all
Thus, BASIC seems inappropriate for instructional use

One problem is-that much grass roots software developthent for education is
in BASIC. Hundreds of teachers are writing BASIC programs for their class-
rooms today. There har been an enormous investment of effort in BASIC by
the very -people othsrwise most likely' to be receptive to newer systems.
Also, we look at BASIC as an example of the problems that arise when efforts
after standardization are delayed too long. Just as with other "standard"
languages like FORTRAN a d COBOL, BASIC survives because of the investment.
already made in it. To, m ve to another language, retaining and program con-

.version on an enormous s ale will be required.

This suggesta that a s nificant effort should be made to develop prototype
languages for childre that are better than BASIC and to understand why they

.are better. The next tyo languages are, of that sort, especially LOGO. They
are important, but t incomplete steps. So much of the recent emphasis in
LOGO, development efforts, for example, has been on fitting the language into
impoverished machines. A new effort will be -needed to specify what a com-
plete implementation ought to have and to test the validity of such specifi-
cations.,

IV.C.1.b LOGO
?

An interesting. contrast to BASIC is provided by LOGO. LOGO has also been
designed as an easy to learn language (it also has a...,specific.orientation
towardphildren's learning that, ls'luite different than 'those that motivated;
the .BASIC originators;'see Papert, 1950). It was not originally meant as aL.,_

standardized languglYe. 'Perhaps the bast' overview of its design philosophy":
is offered by Paper.` hims!af:
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LOGO is the name of a philosophy of education in a growing
family of languages that goes with it. Characteristic fea-.

tures of the LOGO family of languages include procedural
definitions with local variables to permit recursion. Thus,
in LOGO it is possible to define new commands and functions
which can then be used exactly like the primitive ones. LOGO
is an interpretive language. This means that it can be used
interactively. The modern LOGO systems .have full list struc-
ture, that is to say, the language can operate onlists whose
elements can themselves be lists, lists of lists, and so
forth.

Some versions have elements of parallel processing and of
message passing in order to facilitate graphics programming.
An example of a powerful use of list structure is the repre
sentatiOn of LOGO procedures themselves as:llists of lists so
that LOGO procedures can construct, modify, and run other LOGO
Procedures. Thus LOGO is not a "toy, ", a language only for
children..

...It should be carefully remembered that LOGO is never con-
ceived as a final product or offered as "the definitive lan-
guage," Here I present it as a sample to show that something
better is possible, [p. 217]

Indeed, several different implementations exist already for microcomputers
(e.g., for the Texas Instruments 99/4, the Apple It Plus/ and the Terak
8510/a). Al]. of them will be of value in instruction. The differences,
however, may create compatibility problems: For example., the Texas
Instruments product implements some gra.phics object capabilityin hardware.
Thus LOGO programs can run animations by passing messaged to -"sprites" that
Irunlin parallel to the LOGO program. On the other hand, TI LOGO does not
have real (noninteger) arithmetic. Also, it does not have the rich list
structure capabilities Papert described. There will therefore be many.
programs that cannot be transported from one systemto the other. However. -
various recent books (Abelson.; 1982; Abelson :& diSessa, 1981; Papert, 1980)
include enough exercises that can be implemented across all versions, that
it seems appropriate to speak of a° Core LOGO that ought to be available to
an instructional systems author to insert in specific systems.

This paper is not a study, of the uses of systems but rather of their
requirements. For that reason, I have _resisted providing illustrations of
many LOGO features: However, two related aspects of the LOGO project's
work merit brfef mention. First; there is the turt3e.- In the early years
of the 'LOGO project, there'. was -,actually a physical turtle that could be
moved around' by LOGO command. 'Today, the "turtle" is -a. dot on the screen
that ca' leave a track: it. The tiartle, is, an important way to make
the function of a-program concrete and will no doubt continue to be a major
resource for teaching Children to use computers..

involving the "turtle,



been completed by Abelson and diSessa (1981). They have built a geometry
using the turtle's capabilities as the primitive operations. This procedu-
ral geometry is powerful enough to providean underpinning for both everyday
high school geometry and more sophisticated concepts, including the geomet-:
ric notions underlying relativity theory. Presumably, a basis for instruc-
tional systems that use the turtle to teach aspects of mathematics that in-
volve spatial concepts has been created by this work. This again illus.-
trates the importance for future instructional system designers of being
able to embed something with the power of LOGO into- ,their systems. Such

-power will need to be fully incorporated in such a way that tutor components
can interact with the student as programmer just as they interact with the
student as game-player.

There is another way 'of thinking about LOGO. In essence, LOGO is a simpli-
fied form of LISP. LISP is the language that has emerged as the standard in
artificial intelligence applications. This ip because it provides an under-
standable bridge between our most fundamental knowledge of what computation
is about and the kinds of problems and knowledge structures that constitute
complex intelligent activity. Thus, the future of' LISP standardization--.and
development ought to drive future LOGO development. What is needed in addi-
tion is consideration of the course of cognitive development and/of the
school curriculum in order to specify the aspects of LISP that LOGO, should
include. The final step of developing ,simplified.: syntax for those needed
capabilities is the easiest part of the chore.

Parenthetically; I might add that _a meeting Mark Miller of
Computer*Thought, Inc. euggested that LOGO might also be the authoring lan-
guage used by instructional designers. By that, I suspect he meant that a
subset of the best new LISP environments might, with simplified syntax, be
just the right language for authoring. There remains the problem of provid-
ing appropriate canned tools within,whichever language is chosen.

Another language to be considered is -Smalltalk. Actually, Srnalltalk is
presently found in research laboratories, most notably XEROX- Palo Alto
Research Center. However,- the Learning Research Group at XEROX PARC has
used Srnalltalk for, a variety of instructional ventures. Forthcoming books
(Goldberg, Robson, & Ingalls, forthcoming-a,b) will provide more authorita-

_ tive documentation. However, quite a bit has already been published that
deals with Smalltalk (Althoff, 1981; Horning, 1979; Bowman & Flegal, 1981;
Deutsch, 1981; Goldberg, 1979, 1981; Goldberg & Robson, 1981; Goldberg &
Ross, 1981; Gould & Finzer, 1981; ',Ingalls, 1981a,b; Kaehler, 1981i Krasner,
1981; -Reenskaug, 1981; Robson, 1981; Tesler, 1981; XEROX Learning Research
Group, 1981), so it is reasonable to begin a public discussion of its fea-
tures and the implidations it has for computer-based instruction.

LOGO was originally specified as a language for teaching children about com-
puters (or allowing them to learn about computers). While such possibili-
ties ran through the minds of Smalltalk Inventors, the emerging concern has

.been with Smalltalk aas modern, tailorable personal Computer environment,



in which the tailoring mii,ght.be done partly by.the end user and partly by
'special systems,developert. Like LOGO, it treats procedures defined by the
user as being of equal status (and invoked with the same syntax) as. the com-
mands that are built into the systeM at the "factory."' The resulting system
seen by a student. might be extremely specific, as in wOrk done by Gould &
Finter (1981) with jUnior college. students in a remedial-algebra class. Or,
it might berather unconstrained but with specialized.tooltu,as in a kit fOr
graphic artists (Bowman & Flegal, 1981). Or,:it might be completely general
(as described in TeSler, 1981).

One way to get aquicksense of the nature' of Smalltalk is to consider the
design principles:that David Ingalls (1981a), one of its'.designers, has
stated fOr it,:from which I quote (the principles are interspersed through-
out his article, separated by-explanatory text which I Omit).,

0

Personal Mystery: -1f a system is to serve the creative
spirit, it must be entirely comprehensible to a, single indivi-
dual .

. Good.Design: A system thouldbe built with a minimum setof
.,,,,chang°=1.0- parts; those Parts shoUld-beas general as possi
ble\; and'all.partsof the :system should, -be, held in a uniform
framework,:.

Scope:-,.The:designof a language for using computers must deal
With.internal modelt,eXternalledia, and the interaction
-between thete In,:boththehuMan and the computer.
Objects:' 7A.computer language should supportzthe concept of
"object"., and provide a uniform means for referring to the;ob-
jectt in its universe.
Storage Management: To be truly. "object7oriented,":a,computer
system must provide automatic storage management [so the user
doesn't:haVe to program memory considerations into specific

. combinations of objects].
Messages: Computing:.thould he viewecLataiv.intrintio.capabi-
lity: of objects that can be' UniforMly invoked:.bytending:Met

Asages.
UnifOrm:Metaphor: language should- be" deSigned::arOunda
poWerful metaphor:.that;can beUniformlY applied in all areas.
Modularity:NOOOmponent in ..aCOMplex:tystem:.:thOuld depend on
the internal details of any',othee cOmPonent..

Classification: :.kjanguageMuSt:prOVidea.:Meantjor clasti!-
.fyingeimilarbjectsandforaddinci new' classes of Objedts
on equal footing with :te2keinel:Classes ofthe':.system.

- - -
Polymorphism:` A prograrvthoUldapecify:onlythe behavlor
objects, not:theirrepretentation.: [Ihatis,: no request:,to-an.
objectthouldieieridOpOnhoW the-:.7,objectdOetthereqUired,,
task, onIy,upon:Whati is done.]
FactoringEaChindependent -component

. _

.a ippearyn.only:one
.

::Leverage: .When::a"tytteM:4e'weli*factoredgreat levekage is
a.vailabletc*.uters::Tand'implementert:alike[That:is they
Can,cOnCentratetheirattention,ontheSpedific',new:AdeaSthey
are, addingtO.Anexitting-:-bate

,

] -: , .

'Virtual` .machine: A virtual .machine SpecificationH:establishes



the framework for the application of.technology [by specifying
exactly the machine-dependent core of the system. Only that
core\needs to be-reimplemented on each new machine.]
Reactive Principle: Every component accessible to the user
should be able to present itself:in a meaningful way for ob-
servation and manipulation.
Operating System: An operating system is .a collection of
things.that don't fit into a language (and/or don't follow the
reactive principle]. There shouldn't be one
Natural Selection: Languages,and systems that are of sound
design will persist, to be supplanted only by better Ones.

The best way to get a sense of the value of Smalltalk is to look at descrip-
tions of interactions with it Tesler (1981) has provided an extensive des-
cription to which the-reader is referred. One way to contrast Smalltalk
with other programding environments is, to examine the ways in which it exhi-

,

bits its various personnae to the user:. In ordinity,systems, one can only
talk to the computer in one mode at a time. That is, thescomputer only, puts
on one personna at 'a time When .a particular personna is active, no other
personnae have any preserved context. information that would allow switching
back and forth between them.

This means that the same string, of characters typed on a keyboard can have
different meaning at different times. For example, a given string can, be
the name of .a program to run, an instruction to the-program, or, data on which
the program should operate. Also, it is generally difficult or impossible to
step out of one frame of reference, do something else, and then return to'
that frame without loss of'some context information. One cammot, for exam-
ple, stop examining the output of a program, look instead at a listing of it,
or at the data it is processing, and then return to the midit of the pro-
gram's execution. SMalltalk (along with recent languages for systems with
"window" hardware) is set up to permit this. Also, Smalltalk depends heavily
on menus as the means for avoiding the multiple modeproblem: At any given
point one chooses one of the available options from a menu rather than'typing
something which-may or` ma not reflect the choice desired.

Because Smalltallc has beendesigiedto.be'used in an_explorafory programming
mode, ,it is particularly useful fOr.certaiw,forMs of student eiiploratory.ab-
'tivitY. Thus 'we consider alongside LOGO. It is not,. as'it stands, very
accessible to youhg-children.(Goldberg & Rossc.1.98T), though with a02edpri-
titiveS itcould- becomemore useful.' Its utility lies in the follow4,q pro-
perties,. according 'to one of --itS7designers (Tesler, 1981, "p. 98-100).

. The language ,is more concise than most,
spent "at the _keyboard:.

so less time is

. The text editor is simple 'modeless and : a mini-.
mum of.keystrokes:

The user can move around adong programming, 'compiling,
testing, and debUgging_adtivitiLo with the push of a but-
ton:
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4. Any desired information about the program or its execution is
accessible in secOnds with minimum effort.

5. The compiler can translate and relink a single change into.
the environment in a few seconds (on XEROX'S powerful ma-
chines),. so the time .usually wasted waiting for recompila-
tion after a small program modification is avoided. (This
may not be true on smaller machines to Which_ SmaUtalk is
exported.)

One is left with great admiration and covetousness after examining Small-
talk. However, it is important to note that many people have difficulty
learning to program from scratch in the language even though 'use of some of
the resource kits that have been written for it is quite easy. in essence,
while LOGO provides us with a. sense of how a' language can be simplified
without losing power, Smalltalkqprovides a sense of some of the tools that
ought to be included in future language systems. Research is needed to bet-
ter specify which tools are needed and perhaps also the best approaches to
the simplification process.

5

TV *CO 2: Replacing. "Wet" Labs

An extremely important form of computer-based education is the virtual lab-
-

oratory that provides .a concrete set of experiences to enhance "book learn-
ing." The traditional type of science lab can be expanded into the computer
realm. Simply making lab experience less costly is an important contribu-
tion of computer-based .labs, but they do much more, or at: least they can I
shall describe two laboratory programs that, between them, illustrate some
of the possibilities.

The first is a product of colleagues, a mechanics simulation developed with.
NSF and NIE sponsorship by Audrey Champagne, Leo Klopfer, James Fox, and
Karl Scheuerman. One of their modules simulates the Atwood machine,' which
consists of a block on a table which is connected by a rope to a bucket of
sand. The bucket -hangs over the edge of the table, with the rope running
from the bucket, through a pulley, to the block. The' bucket_ is "held" until
the simulation starts v, then. it is released and falls to the floor, pulling
the block. Such--a demonatration is not too complicas.ed, and it could easily,
and cheaply be done in class. However, the computer allows things that are
not otherwise 'possible.

For example., there have been a number of demonstrations that students, even
after a physics. course, often dd not understand the relationships between

----for-eesand-obj ec-tmovements . W_h-i-le-N,stwtontaugh tusthatforce - mass x ac
celeration, students often associate a force with velocity instead of
acceleration. It would be nice if we ";could show students .the World as they

:think it works and compare that to the-44orld the way it really works. This
is impossible. -With real demonstrations but straightforward with computer
animation. We `simply make the block move at uniform Speed. while the bucket
is falling if we want a naive view and let it accelerate as the bucket fa.).:!.s
if we want a Newtonian view.



Of course, the problem .is deeper; students often fail to perceive accelera-
tibn when they see it. To overcome this; Champagne et al. used several
techniques. In the animation, the block clicked every time it moved a unit
distance? faster clicks meant faster movement, and the sound change was more
perceptible. Graphs were also provided of displacement versus time. In
addition, a trace could be left by the block on the table top every unit
time .period; more distance between traces_ means faster' movement. All of
these methods were used with good effect. All represent improvements over
the "real' demonstration.. All operate well even if the teacher is a bit un-
-sure. of the relevant principles himself.

o

A second example 'is the ARITHMEKIT being developed by Brown, Burton, and
others at XEROX Palo Alto Research Center. This laboratory environment is
still in preliminary form. It allows students to perform numerical compute-
tions, such as addition and subtraction and to see parallel illustrations
with Dienes blocks that correspond to their numerical manipulations. Like
the best games, though, it has multiple levels of function. For example,
students can use advanced graphics facilities to assemble a "machine" that

-.does adding or subtracting. They can connect the various digit locations in
an arithmetic problem together with adders, carry devices, one-column sub
tracters, etc. This allows a more .elaborated level of understanding of the
meaning of adding and sUbtrecting. Finally, though I haven't seen evidence
of it yet, one can assume from their past work (that the next level of com-
plexity will be "machine"-building.tasks for the students (and perhaps their
teachers) in whic117 they attempt to build working models that match the mis-
takes of other children.

Again, the world 'of graphics that can be manipulated with a joystick or
"mouse" provides / fantastic opportunities for exploratory environments,
whether we think of these environments, as laboratories or as game-like
worlds. However, the design such environments requires solution of a
number of fUndamental problems of cognitive instructional theory. It is no
accident that-the work so far- has been concentrated in a very small number
of research centers that happen to haye concentrations of computer science,
cognitive -psychology, and ,instructional design 'specialists in close proxi-
mity. Even in these few locations, the work proceeds at .a very limited
pace. The combination Hof equipment needs, other financial support require-
ments, and the fact that existing funding is-generally tied to somewhat tan-
gential issues has hampered the rate of advances in this area.

IV.D New Types Of.Needs In Computer-based Instruction

There are a few additional considerations that arise simply because intelli-
--ge c.somputerbased-instruction--i-s-so-novel7

There is the need. to teach teachers how to use new systems
and what those systems can accOmPllsh.

There is the need to convince a skeptical public, including
teachers, that some of the novel forrnati; being proposed are
instructionally soUnd.-' After all, many people have little
use for computer-based games . at all, much less in the
clessroom.
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o 'Because of the more complex sett of objectives for some re-.
cent computer-based instruction, there is probably need for
intelligent monitoring of student-program intection to
support debugging and refinement of instructional strate-
gies and tactics.

/'
Each of these is discussed below.

O

IV.D.1 Teaching The Teacher

N
Intelligent computer-based instruction is a means for doing what has always
gone on in' instruction. It is also a means for providing instruction of a a

sort not previously possible. Each of these capabilities poses special pro- ,

blems for the teacher.

-In the case of systems that do wh'at has always been done, the teacher still
faces a somewhat different task,- if for no other reason than the individual-
ization of instruction that the computer permits. This putsrecord keeping
stresses on the teacher as well as the burden of learning how to operate the
computer system. Often, the burden is even greater. In current school sys-
tems that face declining enrollments coincident with shortages of teachers
in, certain subject matter areas; \ it is riot unusual for, teachers to be as-

in areas for which ey do not\'tthsigned classes have substantial subject- mat-
ter training. Often, a teacher in at position is perfectly able to follow
the textbook and teacher manual but may not have the depth and automation of
subject-matter knowledge needed to design individual programs of instruction
for different student needs. Thus, there will be some need for the teacher
to receive an explanatioh and interpretation of the progress trajectories of
various students through the curriculum.*6

When the computer is used to expand the instructional offerings of a school
system, the ,need to explain to the teacher what is going on and what the
student, is learning is even more acute. Yet, the promise of computer-based
instruction of this type is particularlY high. It ie hoped that gifted
children be able to take high . school_ c"urses in elementary school,
sailors will be able to study domains at sea even if no human expert is
available, etc. Such a facility would be quite useful. It will have
to be monitored by a human who will want to know what the student is being
taught. 7 That human also ought to be able to get tailored explanations of
the principles being taught so that he/she is in 'a iosition to answer
questions, advise On futUre courses of instruction and',: be the
human professional who. 'leads the instructional process.

There is .anot,her aspect to this notion of teaching the, teacher. By being in
computer-intensive, environments, our children will learn' how. to use and get

" This .need is not meant: to reflect negatively on teacher skill. Rath-
er, it arises any time the computer is used as an expert to extend the
capabilities of a human. My realizationQ of the importance of this require
ment canes from watching very expert physicians try to convince themselves
that diaghoses provided by the MYCIN (Shortliffe, 1976) were reasonable.

89

4

1



along with intelligent artifacts. This will be both fun and practically
useful. Certainly; we their parents, teachers, and leaders should not be
left -out of all this. It may be worthwhile., even essential, to have speci-
fic prototype, efforts that aim at integrating teacher training into instruc-
tional systems.

IV.D.2 Convincing The Skeptic

A final teacher need is, shared with parents, school committee members, and
the lay public. This is the need to be convinced that activities on the
computer that look like idle fun are in fact instructionally important.
Much of the current, efforts of the best computer-based instruction authors
is going into the design of instructional games. Ideally, 'these games
should have relevant motivational devices. That is, the- student should come
to be motivated by the acquisition of the target skills. However, in the .

early stages of learning, a skill, the nature of the skill is not well enough
undel-stood by the student, and other motivational schemes may be necessary..
In either case, it may not be immediately apparent co an outsider watching, a
game that important schooling is taking place.

I believe thap many instructional game systems will require an intelligent
commentator that can provide a skeptic with an account of the progress of a
game-playing child in "mastering skills via game playing and with an analysis
of how a particular game teaches a particular skill. This need is similar
to that of the teacher as described above, but it will require focus on a
different set of concerns and the assumption of a lower level of specific
teaching knowledge in the person requesting this ?information. Laymen will
have to be able to ask questions about the course of an individual student' s
instruction and about the instructional strategies of the system- in
general.'`

It is likely that separate program objects ( semi-indepen n t software
modules) will be the most appropriate vehicles for providing thiS type of
information. Such objects will have to be able to access the information
created and, used by the objects that actually provide. the stUdent interaction
and hinting. They should hopefully be as "independent as possible of speci7
fic subject matter -areas, -to facilitate their transfer to new instructional
systems. It is unlikely that market forces will produce such a capability
when there are cheaper but more artificial. ways of calming doWn parent con-
cerns and of selling instructional products. However, an important govern-
mental role is in raising the sights and aspirations of the populace, some-
thing a well-publicized prototype venture in this area might do.'

Iv.p.3 Intelligent :Moni orinT:And Protocol Gathering

e of the reasons that programmed instruction has had only modest impact on

*/ This type, of resource will also be of use in providing support for
the individualized educational 'plans that are mandated for gi fted and dis-
abled children.
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schooling is that instructional systems designers rapidly abandoned their
initial ties to the psychological research that spawned. the field. As a
result, a wonderful opportunity for this area of application to refresh and
be refreshed by instructional researchers was limited. We should .give care-
ful consideration to possibilities for making new computer-based instruction
efforts more amenable to development in concert with a continuous research
process. The system developer will want to study patterns of interaction to
determine whether the system is doing what he/she wants it to 'do. The
researcher would like to gather protocols of the instru::tional process. In
both cases, several constraints apply. First, the terminal interaction
trace is probably not sufficient. It may be difficult-to-digest form (if
substantial' graphics are involved and timing inforniation is also wanted )
More important, information about the decisions and assumptions of the sys

rn

-.te regarding the student's skill level and the appropriate tutoring and
lesson choices will be as necessary as the raw interaction protocols. Given
the amount of information involved, there will be need to organize and re-
port it in summary form if it is to be seriously used on a routine basis.

This suggests the need for a "research assistant" object that collects pro-
tocols of both the man-machine interaction and the underlying "thinking ac-
tivity" within the computer that was relevant to that interaction. Like any
good assistant, such a mechanism will be mo ;e valuable if it can prepare
summaries of the data so the user does not have to wade through piles of
information on multiple time tracks by hand. Kith. should be conceived so
that "research assistant" modules can be built ir-.1 an instructional system
as it is, being designed. Such kits are not likely to come from commercial
sources.

V.0 ISSUES OF ARTISTRY ANb,CRAFTSMANSHIP

So far, I have discussed specific instructional paradic,,is and, to a lesser
exthnt, the basic psychological issues related to them. I wish to conclude
with severa1Y suggestions concerning the kind of exemplary prototypes that_
should be encouraged by any grant competition. My concern is specifically
with issues of craf tsrnanship 'that may 'themselves generaee research needs.

One important concern is human-machine interaction. Initially, computers
delivered instruction via teletype ?terminals. -Ccomuni,:ation was too slow,
too verbal, and too dependeat on typing skills. Today, there are modest
provements in the personal machines used in schools. Displays are generated
more quickly, and graphics are commonly available. However, the student
s ti nputs__ a_ _a _ke.yboard _ too .__many... oa ses .The _touch_screen, _the _ jsayr
stick, the mouse, and other spatial input deVices `hat" can move a cursor
quickly 'around the screen need .tc.. be exploited much :more completely. Also,
the underlying software to support such devices needs to be improved -(eag.,
many programs can use a jOystick, but 'the joystick seems too hard to control;
there are software cures- for this problem) . Students should be able to as-
semble manyresponses by "Picking: up pieces". from the. screen display and re-.
arranging them (Gertrude ;s Secrets. and other Piestrup programs show that
this can be done on an Apple, though the programs could use better joystick
routines).
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Fundamental constraints are created by the reliance of many small computers
on commecial televisiOn sets. Color televisio sets have-:.:very low resolu-
tion. Perhaps 1.6 rows of 32,charecters each can bedisplayed With,clarity.
Thus, they are inadequateormany'tyrof displays that we will want. The
1ow resolution resUlts::in:Jaor Characfonts in:these system's! video die
plays (no one would readthispaper it it were Printedin.tbetype style
use&Onan Apple II, for example). An important'-researChjssueiSthe iden7
tificatipn of:An appropriate new Ltandardfor instructionalideo diaplaYS.
Maybe industry will do this for usifapPropriately::StiMulated, but the is-
sue meritsdiscussipnin thesemeetings.

Even ,with improved graphics tools, we d sethighstandardeof ar7
tietty:41trUSing them and will neeTtofoster' the development `tool- kits
that make ,it easy todeSign screen graphics. 1.1ore generallywe Will need
to create 'authoring environments that are easyto use and` that allow a de-
Signer tri;:f0Cus'on producing,a coherent.fUnctional designand not on how to
..cram new options into-an underpowered system ,that lacks appropriate: runtime
support 'software.

V.A Maintainability And Extensibility:

I am not anexperfon operating system design, so my finalcommentS must be'`
taken with SkeptiCipm. It seems to me that aJmajOrlongtermissue for in
structional computing is software mainten9ce and ,extensibility." So far,
the market fordes in' the personal machine world have favored,trearing soft-
ware as a disposable:produpt. That is, there ,is relatively little main-
:tenance Pr consulting-available,and mew. products generally replace older
ones rather,thanbuilding.::from them., The exceptions are in ;:business soft-
warewhich tends-td-run on more, expensive hardware configurationa and tends
to cost about ten times as much as" instrdztiOnal software. Is this the
right way to go? I.donJt_know, but could imagine a'smailamount of fund-'
_ing being spent on economic-technological analysis- and forecasting to help.,
answer the question school people alwaYs ask mei- Will able tcOxiild on-
to thi*:iYatem as'new producta,appear? Right now,. the answer is usually no;
should'itYbe?
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4. Summary

A qualitatively new kind of computing machine (the 16-bit micro-computer) is

coming on the market. It will be cheap enough to be bought by families, in-

dividuals and schools. It is powerful enough to do things that are totally
different from the simple activities of current classroom computers. These

computers completely change the possibilities for us42 of computers in the

classroom. Furthermore, for two reasons they have a particularly great po-

tential for impact on science education. (1) As I will discuss later, there

is already relevant research that can support principled development of good

science education on these machines, further research could provide an even

more extensive basis for education development. (2) Education in science is

particularly crucial to our ever more technological society. We cannot em-

ploy more conventional steel and assembly-line workers. We do need (in the

long run) more engineers, computer-programmers, and technical support peo-

ple, all of whom need knowledge of science. Thus anything we do to improve

markedly our teaching of science is likely to have a large societal impact.

The 16-bit micro-computer offers us a completely new opportunity.

To realize the impact of these new machines, we need to figure out how to

use effectively the computational power they will make available. The pur-

pose of this paper is first to describe the new machines and what they can

do, and then. to outline a research agenda aimed at discovering enough about

human learning in science that we can use the power of these machines to

provide qualitatively better instruction.



1. The New Machines

There is a new generation of small computers. Like their predecessors (the
current 8-bit micro-computers), they will he cheap. Carnegie-Mellon
University plans, within five years, to use machines costing about $7,000
each and one would expect them to be even cheaper within a few years.
Unlike the current 8rbit micro-computers, however, these machines are
powerful. Probably anything you are currently doing on a "big" machine you
could do on one of these. You could analyze data. You could edit and
prepare manuscripts with graphics and special type fonts.

Most importantly, these machines are sufficiently powerful that they can
support what is called "artificial" intelligence. For the uninitiated, an
artificial-intelligence computer program or "system" is a program that does
things that we would ordinarily say require intelligence. For example, one
existing artificial-intelligence system reads wire-service articles and con-
structs coherent and correct summaries (Schank, 1980; Schank & Abelson,
1977). Another diagnoses bacterial diseases, interpreting symptoms and
laboratory results, identifying the most likely responsible organisms, and
using these results, together with other knowledge of the patient (e.g.,
general health, any allergies, etc.) to prescribe appropriate treatment
(Shortliffe, 1976).

The text-understanding and medical-diagnosis programs are qualitatively dif-
ferent from most familiar programs. Do not confuse them either with the
mechanical programs that send you bank statements or with the simple
routines that now support games and activities in the classroom. Indeed,
the potential impact of these new machines is great enough that we clearly
must be careful not to use them in stupid or harmful ways. To reflect this
qualitative difference, I will use the conventional term "artificial in-
telligence" for modern, computationally powerful systems that do appreciably
more than routinized activities. It is irrelevant whether philosophically
these systems are "really" intelligent. They can do qualitatively more than
any cheap machine we have ever seen.

Machines like these have a tremendous potential for impact on education.
Think about teaching English, for example, and imagine having in your class-
room a machine that summarizes stories (including student stories) and asks
or answers questions about them. A system that understands stories is
further able to parse sentences, and so this system can give students feed-
back on their grammar or on how difficult their sentences are to parse.
Similarly, imagine senior medical students using a machine that can provide
individual expert consultation to each student whenever he wants it.

As is evident from these examples, there are many artificially intelligent
systems. What is new, and is the focus of this paper, is that machines
capable of supporting artificial intelligence are becoming cheap. Thus
your family and your school will soon buy machines that have the capability
of doing tasks equivalent to consulting on medical diagnoses or summarizing
newspaper stories. How can we use this power effectively to produce better
education?
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2. A Fantasy

To explore this question, let me share with you my fantasy, set in about
1992, of how powerful computation might contribute to university-level

physics and engineering. With this fantasy, I'll describe the kind of
research that could make it a reality, including both current and possible
future research.

I imagine a student engaged in the primary task of science, trying to solve
a problem, let us say a circuit problem. As he sits down at his computer to
work, one available tool is a circuit "editor" that first allows him to con-
struct circuit diagrams by connecting components drawn on his high-resolu-
tion graphics screen. This editor developed out of editors for computer
languages (e.g., the GNOME system at Carnegie-Mellon University [Miller,
1983]). Like the earlier computer-language editors, this circuit editor
views circuits hierarchically. The student can work at any level in the
hierarchy, and the editor keeps track of where he is and what components may
appropriately be added. If the student indicates his circuit is complete,
the editor may remind him of missing pieces. The editor handles not only
construction circuit diagrams, but also applying cil:cuit principles. Thus

at any level in the hierarchy the student can apply a principle like

"current in equals current out", or V = IR. The editor prevents inappro-
priate applications, like V = IR to a battery or current in equals current
out to an undefined sp.tem.

The editor is itself a powerful instructional device for several reasons.
First, its hierarchical structure is based on work by Riley (1983) suggest-
ing that circuit problems are solved most easily when they are represented.
as embedded part-whole structures. Additional work (Unknown, 1992) has

shown that users of any sort of editor tend to adopt autonomously the
strategies of that editor. Thus, for example, users of the Bell- Labora-
tories Writers' Workbench (Frase et al., 1981) avoid cumbersome written con-
structions even when they are writing without the computer-based editor

(Unknown, 1992). Thus my fantasy circuit editor actually helps students to
learn to use effective strategies for thinking about circuits.

Second, the circuit editor, like the early computer-language editors
(Miller, 1983), drastically reduces the amolInt of time required to learn to
use circuit principles to solve problems. For example, an editor for PL1
produced a reported decrease of 50% in the time required for students to
complete the work of an introductory programming course. Subsequent re-

search on this fascinating result (Unknown, 1992) showed the following rea-
sons for it: (1) By keeping track of many details, the editor frees students

to concentrate on and learn more effectively the important principles of

programming. This result is related to earlier work (Reder & Anderson,
1980) indicating that people learn summary material better if they are not
also required to study supporting details. (2) The editor prevents many

silly mistakes that are enormously time consuming to correct. Even in 1982
it was almost impossible to make a syntax error while programming with the
GNOME editor.

There was some initial concern that students might become dependant on the

j. u
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editor and more prone to silly mistakes when working without it. In fact,
as shown by research cited earlier (Unknown, 1992), an editor that prevents
silly mistakes is one of the most effective ways of learning to avoid them
yourself. Also, of course, our view about the role of computer tools has
evolved since the early 80's. All professionals now use routinely computer
tools, and we don't judgo their "dependency" on tools, but their scientific
creativity using the best tools available.

Research. on novice problem solving begun in the 70's (Larkin, McDermott,
Simon, & Simon, 1980) indicates that for quantitative problems, novice
solvers almost always start work with equations rather than with con-
ceptual or "semantic" models of the situation. As expected, our fantasy
student starts his problem solution by trying to write equations describing
his circuit problem. Because the editor helps him to keep track of the
various systems to which these equations apply, he is considerably more
effective than the ordinary student of the 80's (cf., Larkin & Reif, 1979;
Larkin, 1983), and actually comes very close to solving the problem.
However, he is confused; some of the equations don't seem reasonable to
him.

Considerable research (Unknown, 1992) has clarified and extended what good
teachers have always known: it's very important that equations seem rea-
sonable and have meaning. The reason is that without associated meaning,
human beings quickly forget details and then reconstruct them incorrectly.
Thus a student who doesn't understand why V = IR may well remember this
equation as I = VR. This faulty reconstruction is related to the basic
research by (Reder, 1982) suggesting that the primary form of memory is not
recall, but reconstruction from related knowledge. Thus an equation
learned without related knowledge is almost sure to be forgotten.

How does one help students to learn equations or algorithms with meaning?
Resnick (1981) began to work out the details of how children connect the
place-value subtraction algorithm to a model involving visible objects.
Children acted out subtraction using Dienes blocks (Dienes, 1960), blocks
that represent powers of 10 by single blocks, sticks comprising 10 single
blocks, squares comprising 100 single blocks, etc. Acting out the algo-
rithm while writing its r9sults on paper dramatically improved the abili-
ties of individual children to use the place-value subtraction algorithm.
Subsequent work (Unknown, 1992) both verified these results with larger
groups of children, and specified more clearly the crucial features of this
procedure for adding meaning to a mathematical algorithm. An experimental
computer-based instructional system (Brown, 1983) provides an environment in
which visual blocks and sticks are strongly connected to written subtraction
notation.

In the more advanced physical sciences, a series of research studies
(Larkin, 1983; Chi, Feltovich, & Glaser, 1981; de Kleer & Brown, 1981;
Gentner, 1980; Gentner & Gentner, 1982; Unknown, 1992) have quite com-
pletely elucidated many of the meaningful problem representations that ex-
perts use. Some of these have been programmed and are available to my fan-
tasy student. Thus he can visually expand the wires in his circuit, and
watch electrons flowing through the paths. He can deform the circuit
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three-dimensionally so that the height of any part of the circuit indicates
its electric potential. (Preliminary work as far back as 1979 [Larkin &
Reif, 1979; Larkin, 1983) suggested that these two representations greatly
improved students' ability to solve simple circuit problems.) For more
complex circuits, the student can see electric and magnetic field lines

interacting around capacitors and inductors. More sophisticated students
are likely to use more sophisticated causal models based on the work of de
Kleer (1979).

Thus the student has available. to him a powerful simulation system that can
show him, at varying levels of detail, what is happening in any circuit he
constructs. The software concepts underlying this simulation were

initially developed for the STEAMER project (Williams, Hollan & Stevens,
1981) describing a nuclear steam plant and providing simulations and ex-
planations of both global operation and detailed mechanisms of the under-
lying processes.

The visual effects in these simulations are impressive and important. On-
going work by Kosslyn and his colleagues (Kosslyn, 1979; Unknown, 1992) has
spelled out the exact characteristics that make visual displays most effec-
tive. Kosslyn's early work concerned effective design of charts and graphs

(Kosslyn, 1979). More recently (Unknown, 1992) this work has expanded to
define principles of effective visual design for a broad range of computer
,simulations. All of this work is based on Kosslyn's developing model

of the interaction between human's internal mental imagery and the external
display.

Having worked with these simulations, however, our fantasy student remains
confused. He has always thought of electricity as coming in two varieties
(+ and -). The + variety comes from the positive terminal of the battery
and the - from the negative pole. He now understands the new representa-
tions he has seen (electrons flowing in closed paths), but he is rightfully
uneasy because his own old familiar intuitions now don't fit into this pic-

ture at all.

This phenomenon of "novice" models'are identified and documented among many
university-level students by many researchers (Lochhead, 1978; Champagne,

Klopfer & Anderson, 1980; Trowbridge & McDermott, 1980; Trowbridge &

McDermott, 1981). Gentner (1980, 1982) validated in the laboratory how
certain novice models lead to characteristic errors in thinking about

electricity. McCloskey and his colleagues related characteristic errors of
thinking in mechanics to a set of underlying reasoning principles.
Subsequent research (Unknown; 1992) developed a full taxonomy of novice

models in many sciences, and began to elucidate a theory to account for
them. The early work on the origin of subtraction-algorithm "bugs" (Brown &
Burton, 1978; Brown & Van Lehn, 1980) contributed fundamentally to this

effort.

Because of this research, our fantasy student can see on his screen simula-

tions of how circuits work according to various common novice models. He

soon finds his own, working pretty much as he had always thought. He's glad

to find his views are sufficiently normal and common to appear in the com-
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puter. He finds setae discussion and demonstration of evidence of his
model's shortcomings. There are also a few tips describing errors that are
common among people holding ; :his model, and that he might therefore watch
out for, and a few associated practice problems. However, this part of the
computer instructional system is far from satisfactory. As predicted by
Champagne and her colleagues (Champagne, Klopfer & Anderson, 1980), helping
students to revise their models is a difficult task, and further research is
still needed.

The discussion so far has presumed an exceptional fantasy student. He used
appropriate simulations (rather than just equations -- common among
novices). He is aware of his "novice model" and has the enterprise to ex-
plore it. Although students like this do exist, clearly we can't assume
this level of learning expertise for all students (even future fantasy stu-
dents). Therefore, the fantasy computer system includes a learning "coach"
or "tutor". This coach is a direct descendant of earlier work specifying
the rules used in good tutoring. Collins (1976) developed a set of rules
used to generate the questions in an effective socratic tutoring session.
Brown and others developed a coach for the arithmetic game called "How the
West was Won." This coach does not advise a player on every move, which
would certainly destroy any pleasure in the game. Instead the coach uses
strategies for deciding when and how much advice will be effective. Brown
(1983) specifies directly guidelines for designing a computer-based coach.

Brown and DeLoache (1978) contributed to computer-based coaches with their
work on the mechanisms of effective study procedures (e.g., what kind of
note taking is effective and why). Classroom studies starting with Gentner
&_Gentner (1982) began to show how to use these principles in classroom con-
texts (Unknown, 1992).

The early computer-coaching efforts were advanced considerably when they be-
gan to make use (Unknown, 1992) of basic research on learning, in particular
that of Anderson (1982). Anderson's learning theory is rich and
comprehensive, applying to a variety of tasks including learning concepts
and languages, and most recently learning geometry and computer programming.
Modern computer-based coaches (Unknown, 1992) include an Anderson-like
learning model that is constantly updated to match the performance of the
student. Thus the computer coach has a rich picture of what the student
does and does not know, and uses this picture to decide what kind of advice
to offer.

Today's computer coaches (Unknown, 1992) make use of two additional strands
of research. First, there are several computer-based "expert-advice sys-
tems" (Shortliffe, 1976; McDermott, 1982a; McDermott, 1982b; Duda, Hart,
Barrett, Gashing, Konolige, Reboh, & Slocum, 1978). MYCIN, for example,
provides consultation on the diagnosis and treatment of bacterial diseases
(Shortliffe, 1976). These expert systems are based on a large collection of-
rules, each reflecting a bit of expert knowledge. These rules are used both
to generate advice and to provide an explanation of why that advice was
offered. My fantasy students' computer coach uses an expert system like
this, composed of rules based on research (Unknown, 1992) onthe knowledge
of experts in electricity and electronics. Thus the computer system can
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both give him expert advice on how to solve a problem and explain how that
advice was determined.

Finally, my fantasy computer coach uses the work of (Reif &_Heller, 19821
Heller & Reif, 1983) formulating problem-solving strategies that help stu-
dents to work effectively, independent of how current experts perform the
task. Their theoretical analyses were tested (Heller & Reif, 1983) by

showing that students guided to use these strategies performed substantially
more effectively than students without such guidance. Thus the fantasy
coach incorporates the kind of guidance Reif and Heller gave to their stu-
dents.

In summary, in the fantasy we have pursued, the student dc5es his problem
solving using a powerful "editor" that both structures problems for him and
helps him to learn structuring strategies. Much of his work involves run-
ning circuit simulations that are carefully designed to connect relevant
physics principles to meaningful representations, and to help him use these
representations in solving problems. All of his activity is monitored by a
computer "coach" that continually updates a model of the students' know-
ledge, and offers advice when needed. The coach's advice is based on re-
search on human experts, on expert computer systems, and on independent
strategies for effective problem solving for students.

3. A Research Agenda

Throughout the preceding fantasy I have mentioned research, both current
research and research that is still needed to make this fantasy a reality.
In this section, I summarize this research, outlining the research we needed
to extend in order to make creative use of powerful computers in the class-
room. I divide this agenda into the following themes: (1) Human memory

and reasoning; (2) Cognitive structure of science; (3) A rich theory of
learning; (4) Computers as objects of science.

3.1 Human Memory and Reasoning

To build, programs that provide intelligent instruction, we need to know
about the minds we are teaching. In this sense, all of cognitive psychology
should be on our research agenda. However, the most needed research con-
cerns how memory works and how people reason. For example, a study men-

tioned earlier (Reder, 1982) shows that after time delays of 2 days,

subjects' recall of a text is accounted for better by a model that says
subjects reconstruct knowledge by considering what is plausible, and less
well by a model that says subjects simply recall stored facts. Thus when

we want students to remember something, we must be profoundly concerned
with making it plausible to them.

At this time weknow little about how to make information plausible or mean-

ingful. Further basic memory research (like Reder's) will help. In addi-
tion, we need research on the kinds of meaningful representations experts
use (cf., Chi, Feltovich, & Glaser, 1981; Larkin, 1983; de Kleer, 1979) and
on how these representations can be conveyed to students (Resnick, 1981;

Larkin, 1983; Brown, 1983).
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Largely separate from studies of memory are studies about how people rea-
son. There is a growing literature on "novice models" -- the reasoning un-
trained people do about scientific topics. For example, (Green, McCloskey,
& Caramazza, 1980; McCloskey & Kohl, 1982) demonstrate that most untrained
individuals have fairly well-defined "principles" that they use to-predict
the motion of objects, and that are totally different from the established
Newtonian theory. Others (Champagne, Klopfer & Anderson, 1980; Clement,
1982; Lochhead, 1978; Trowbridge & McDermott, 1980, 1981) have less formally
established similar patterns of reasoning among college physics students.
Understanding novice models is important in all science for the following
reasons.

First, students come to us using these novice reasoning patterns. If we
fail to make contact with them in our teaching, students either don't under-
stand us at all, or they experience science as a collection of rules totally
separate from their own beliefs. i suspect that novice solvers' tendency to
use equations almost exclusively may come from their experience that equa-
tions never make sense (in terms of their novice scientific models) and
therefore must be applied without any reference to a meaningful model of
what is going on.

Second, novice scientific models are very resistent to change (Champagne,
Klopfer & Anderson, 1980; Lochhead, 1978). They are seen in students with
one or more years of university-physics background and in students who have
experienced programs carefully designed to help them remodel their novice
conceptions. Thus novice science is not a problem of introductory science,
but a serious problem for all science teaching.

Finally, there may be ways to use these powerfully entrenched novice models
to help students acquire more broadly correct scientific models. For exam-
ple, Carbonell and I, with support from the ONR and ARI, are working to
develop computer-based scientific reasoning systems that will use reasoning
patterns that are naturally congenial to human beings, patterns that appear
in these novice scientific models. One benefit we anticipate for this
system is an ability to explain scientific phenomena in terms that are
readily understood.

Powerful computers can support instructional systems that make use of exten-
sive knowledge about how the human mind works -- how it reasons, how it
stores things in memory. To make use of this capability we need continuing
research on how the mind works.

3.2. Cognitive Structure of Science

To use intelligent computers in teaching science, we need to know how
science is organized in the mind. In the past science educators have
neglected this area of research. Experts have believed that their own intui-
tion about how a discipline was structured was a sufficient basis for de-
signing instruction. However, a large body of research, forcefully summari-
zed by Nisbitt & Wilson (1977), indicates that people's intu.tion about
their own knowledge and 'cognitive processes is often highly misleading.
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People may believe, for example, that they solve physics problems according

to a certain strategy, whereas, when they are observed, the process is found.

to be totally different. Thus az we think about designing more powerful

methods of instruction; it' is important that we base this instruction on

good research into the way scientists actually think about science, rather

than continuing to rely on our unreliable intuitions about these processes.

The following three strands of research are relevant to this aim.

There is a growing, but still very incomplete, body of literature on how ex-

perts do science. Most of this work involves listening to the experts speak

aloud as they perform various scientific tasks, and then developing

computer-implemented models that account for the reasoning steps stated by

the expert. For example, McDermott & Larkin (1978) developed a computer im-

plemented model that simulated the behavior of a single expert solver on a

group of five mechanics problems. In order to account for the expert's

behavior, we had to postulate and develop in our computer-implemented model

the following set of four separate representations for each problem: the

original English language statement; a basic representation comprising the

real objects in the problem (e.g., wheels and levers); a scientific repre-

sentation comprising the important physics objects in the problem (e.g.,

forces, energies); a mathematical representation composed of equations based

on the scientific representation.. Subsequent work (Larkin, 1983; Chi,

Feltovich, & Glaser, 1981) suggests that perhaps the single major advantage

that expert solvers have over novice solvers is the ability to construct

"scientific" representations of problems. These representations involve

special scientific objects (e.g., energies, momenta) that are understood

only by people with special scientific training. These representations have

special powerful properties for use in solving problems. The workings of

such representations are somewhat elaborated by more recent work (Larkin,

1983, 1982), but are not fully understood.

A second type of research that helps to clarify the cognitive structure of

science is the building of computer-implemented expert systems. As

mentioned earlier these systems can, at least in limited domains, exhibit an

expert level of performance. Examples of such systems include the MYCIN

medical diagnosis system (Shortliffe, 1976), and the PROSPECTOR system for

locating mineral deposits (Duda, Hart, Barrett, Gashnig, Konolige, Reboh, &

Slocum, 1978). Often examining the knowledge structure of these systems

provides some insight into how knowledge in the discipline could be or-

ganized. Of course, knowledge organization in a computer system is not

direct evidence that the same knowledge is organized that way for human

experts. However, any knowledge organization capable of producing expert

performance is probably worthy of our consideration as a structure on which

to base instruction. . For example, the ISAAC system developed by Novak

(1977) is a moderately expert system that solves probleMs about systems

subjected to forces and torques. This system works with a set of "canonical

frames". Every system is translated into a set of these frames. Thus, for

example, the system knows that in this context a person is either a pivot or

a weight. When the problem has been represented in terms of these standard

canonical frames, then the physics knowledge of ISAAC develops equations.

These processes parallel the processes observed in a human expert by

McDermott & Larkin (1978). ISAAC starts with real objects (e.g., people)

4?
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and translates them into physics objects (e.g., pivots) from which itdevelops equations. Thus systems like ISAAC provide a very concrete formu-lation of the kind of knowledge we believe physics students must acquire inorder to solve physics problems.

A third and currently very small strand of research also holds promise forbetter understanding of the cognitive structure of science. Reif andHeller (1982, 1983) have taken the novel view that effective strategies forsolving problems may be quite different from those currently used by humanexperts and also quite different from those that are most effective for com-puter solvers. Indeed, the latter seems probable since humans and computershave quite different basic, abilities. Thus Reif and Heller began their workwith an unconstrained search for methods of solving problems that wouldprove effective for human solvers. They subsequently validated these formu-lations by showing that if students were guided (by the reading of a pre-pared script) to solve problems in accordance with the model, problemsolving performance improved markedly. In this research we have a source ofknowledge about how a scientific discipline, in this case physics, can beeffectively organized for use by students.

Powerful computer-based instructional systems can potentially provide moreextensive and detailed instruction than is available to most students to-day. However, this extensive instruction is not likely to be effective un-les the knowledge it conveys is organized in a way that human beings canuse effectively. As we extend the power of our instruction, we need to knowin greater detail what this structure is.

3.3 A Rich Theory of Learning

The preceding themes in this research agenda have concerned first thereasoning and memory capabilities of students without special training, andsecond the cognitive structure of science for effective use by a skilledperson. This third theme addresses the use of basic capabilities foracquiring the cognitive structure of a discipline. How does a person withnormal or even superior memory and reasoning capabilities acquire aneffective cognitive structure of science?

Our theories of learning in the past have been very inadequate for thisissue. Psychological theories of learning have included powerful and expli-citmodels, but only for very simple learning tasks (e.g., paired associatelearning, simple concept attainment). Educators' theories of learning, incontrast, have dealt with the full complexity of human learning (cf.,Ausubel, Novak, & Hanesian, 1978), but at the cost of explicitness. As wemove toward the use of powerful computation in instruction, we will needbroad models of learning that are explicit enough to specify how instructionshould be designed.

Fortunately, the last ten years have produced explicit learning models thatare rich enough to be of use in designing instruction. The best example isAnderson's ACT model (Anderson, 1976). As mentioned earlier, this modelaccounts for a wide variety of learning behavior. Anderson has recentlyextended it to account for learning in the semantically rich fields
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of geometry and computer programming (Anderson, 1982; Anderson, Farrell, &
Sauerse 1983). The ACT learning model is based on a small number of general

learning abilities that Anderson assumes are available to all human

learners. For example, suppose an inference rule in the model initially ap-

plies successfully to one situation, but then produces an inappropriate re-

sult in a different situation. ACT then learns using the mechanism called

discrimination. It adds to the rule's conditions for applicability a con-

dition that discriminates between the two situations. Models of this kind

may ultimately be sufficiently sophisticated that they could track the

learning of a human student, and so provide the basis for the computer-

implemented "coach" discussed earlier.

3.4 The Computer as Scientific Object

The preceding sections have discussed how to use powerful new 16-bit

micro-computers for teaching the familiar scientific disciplines, mathema-

tics, physics, chemistry, etc. We must not forget, however, that computers

are in their own right important scientific objects. Indeed knowing some-

thing about computers is probably not as important a general educational

goal as knowing something about physics or chemistry. Since computer

science is a totally new discipline, we know even less about teaching it

effectively than we do about teaching the more established disciplines.
Thus we must include on our research agenda some considerable support for

research on the effective teaching of computer science.

For example, we need to think out what aspects of computer science should

be t "It to what audiences. For most audiences, programming is probably

not appropriate. But every person is likely at some time to need to inter-

act with computers, and therefore should know at least what computers are

and are not capable of doing.

In addition, most people probably should have some exposure to computer

tools, for example, the editors described earlier. Other examples include

tools that analyze truss structures in the design of bridges, tools that

present 3-dimensional graphic pictures of objects being designed (e.g.,

buildings or cars), and data base programs that retrieve and sort informa-

tion from huge files of data (e.g., the U.S. census data base). Certainly

at the university level, in any field that is information rich (e.g., his-

tory, psychology, sociology) or computation rich (e.g., all engineering) a
responsible educational program must introduce students to tools that are

essential for his discipline.

Finally, computer science, in a sophisticated sense, is itself a growing

discipline. Just as some of us will continue to be concerned about the

education of those few people we hope will become creative physicists, some

new few of us should become concerned about the education of creative com-

puter scientists.



Table 1: Agenda of research needed to realize the potential of modern
computation in science education.

Human memory and reasoning

What are the mental capabilities of our students? What are
the general properties of mental functioning? What reason-
ing patterns relevant to the teaching of science are exhibi-
ted by beginners with no scientific training?

Cognitive structure of science

How are the scientific disciplines organized in the mind?
How do people effectively store scientific knowledge and
access it for use? What strategies do they use in bringing
knowledge to bear on problems?

A rich theory of learning

Through what )mechanisms do people learn? How can these
mechanisms be facilitated?

Computers as objects of science

What should we teach people about this important topic and
how shall we teach them?

4. Summary

Table 1 summarizes my research agenda. In short, we need to think broadly.
Science instruction of the future can be qualitatively different because wehave a qualitatively different tool. But to realize this potential, we needto generate fundamental knowledge about the human mind, about the cognitive
structure of science, and about how people learn.
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THE ACQUISITION OF MATHEMATICAL KNOWLEDGE

Robert B. Davis
Curriculum Laboratory and Computer-Based

Education Research Laboratory
University of Illinois, Urbana/Champaign

Urbana, Illionois 61801

It might seem that mathematics is the most sharply defined subject in the

world, with the learning of mathematics running it a reasonably close

second. It might seem that way... as long as we do not look carefully...

I. The Emergence of the Alternative Paradigm.

In the 1950's and 1960's, when a 'significant number of people of first-rate

intellectural power sought to improve the learning of science and mathema-

tics, one obstacle impeding progress was a widely-held conceptualization of

learning, and- of knowledge, that did not do justice to reality. Put very

briefly, witriir-F-tiTts-vi-ew--"knowIedge-was-measured..by the selecting of cor-

rect responses to a relatively small collection of questions. What was NOT

considered was the analysis that led the student to make his choice, the

thought processes or conceptualizations that led to the selection of any

specific answer.

The appeal of such an approach turned out to be surprisingly great, partly

because of its great economic advantage, but also (perhaps even more so)

because it offered intellectual simplicity. Critics of this approach were

not lacking -- indeed, the remarkable career of Jean Piaget grew out of his

conviction that IQ testing made a fundamental error when it focused on

"right" vs. "wrong" answers, and ignored the reasons why people selected

different answers. More recently, Krutetskii (among many others) has

written sharply critical reviews of research based on answers and ignoring

the processes that produced these answers. (Cf., e.g., Krutetskii, 1976.)

Piaget's precedent, and Krutetskii's criticism, went without response in the

United States for surprisingly long, but in recent years an alternative

approach to the study of mathematical performance has emerged, which has

come to be called the "alternative paradigm." (Cf. Thompson, 1982.) It

studies process as well as product, and relates observations to a postulated

conceptualization of human information processing. Data is often obtained

from task-based interviews; a student or expert is asked to solve a problem

while one or more observers watch, and perhaps ask occasional questions

(such as: "Would you always multiply there, or would you sometimes do some-

thing else?", which can often detect conditional processes, such as "multi-

ply A by B if C < D"; or questions such as "How did you decide what te do

first?", etc.). The postulated conceptualizations owe much to artificial

intelligence (or "complex information processing," to use the Pittsburgh

name) and cognitive science.
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II. What Is Mathematics?

Unsurprisingly, a new view of how to study mathematical performance has
paralleled the emergence of a new view of the nature of mathematics itself,
and also of new ways that mathematical knowledge is used in today's society.
When most users of mathematic6 performed repetitive tasks in a routine way,
it made sense to think of mathematics as a specific, well-defined collectionof explicit techniques, and to test skill in the performance of these
specific techniques. Nowadays, routine repetitive uses of mathematics are
becoming less prominent -- they can usually be automated advantageously --
and less-routine performances are beComing more common. Mathematicians andphysicists have always been concerned with non-routine mathematics.
Nowadays, even office workers often are. The moment one employs machines --
either calculators or computers -- much of the routine work is removed from
humans, but non-routine demands increase: every new calculator or computer
is likely to introduce some element of novelty and the ability to deal
effectively with novelty becomes more important than the ability to deal
effectively' with repetition. Humans need to do what the machines do NOTdo.

It is east for those of us who are close to' mathematics and science to
underestimate what a rofound chan e this im lies for tnose who are not so
close.. For most) office' workers, tradespeople, parents, and precollege
teachers, mathematics is DEFINED as a specific collection of explicit
algorithms. They can think of mathematics in no other way.

Even when curriculum modernization causes a high school teacher to enlarge
the specific collection of techniques, the teacher will not actually change
his/her epistemologic view: math will still be perceived as a fixed
collection of explicit algorithms. The adequacy or correctness of this
fundamental view is one of the basic questions in mathematics education
today. We shall see it reflected in several ways in what follows.

How else CAN one view mathematics? Those who are closer to mathematics
typically see it as:

(1) An open-ended collection of techniques. (You are free to
devise new and better techniques whenever you can, and
this is seen as a REAL possibility.)

(2) A complex bit of information processing that includes:
i) Creating representations for problems, and

representations for mathematical situations,
knowledge, etc.

ii) Difficult ,tasks in selection and retrieval from
memory.

[e.g., Does the series

CO

1n sin
n

n = 1

converge or diverge? How about
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E k In (1 +
1

)? ]

k = 1
k2

iii) Heuristics
iv) Setting goals and-sub-goals
v) The use of meanings in constructing or reviewing

algorithms
vi) The use of non-algorithmic knowledge, such as principles,

etc.

Details: The preceding generalities about the nature of mathematics can be
illustrated by some specific examples. RepreE ations: Stephen Young has
demonstrated how a mathematics problem may be easy if one representation is

used, or very difficult if some other representation is used. It is well

known that

I =

,40

O

2

e
-x

dx

is a difficult problem in this form, but if 12 is represented in polar
coordinates, one easily finds that

= -2-
1 ,--

NI IT

As Young shows, this phenomenon goes much deeper. Young uses this fact to
develop a detailed explanation of why, on each of two recent PSAT tests,

problems coded with wrong answers sneaked past the experts, only to be

solved correctly (and confidently) by some neophytes [Young, 1982].

Indeed, Young goes even further, showing how the alternative representations

can be built up from simple ingredients learned in everyday experience

[idem]. An Open-Ended Collection of Algorithms. One instance of a student

inenting a new algorithm was reported in [Berson, Cochran, and Davis,

1970]; many others have been reported. Cf. Suzuki [1979], Kumar [1979], or

the series of studies on addition carried out by Resnick and her colleagues

[1978]. Any experienced mathematics teacher sympathetic to student

originality will have seen many more. Heuristics: The importance of

heuristics is generally well-known [cf., e.g., Polya 1965; Davis,

Jockusch, and McKnight, 1978].

The willingness to use non - algorithmic knowledge has emerged as one of the

differences between expert and novice performance. Cf., for example, the

following problem from a calculus book:



A rope with a ring in one end is looped over two pegs in a
horizontal line. The free end, after being passed through the
ring, has a weight suspended from it, so that the rope hangs
taut. If the rope slips freely over the pegs and through the
ring, the weight will descend as far as possible. Assume
that the length of the rope is at least four times as great as
the distance between the pegs, and that the configuratibn of
the rope is symmetric with respect to the line of the vertical
part of the rope. (The symmetry assumption can be justified
on the grounds that the rope weight will take a.rest position
that minimizes the potential energy of the system.) Find the
angle formed at the bottom of the loop.

In task-based interviews, Davis [1983] found that two students in a class of
22 saw this as a problem involving a principle -- that the weight will des-
cend as far as possible, or that its height will be a minimum -- and were
thus able to solve it, whereas other students tried (in vain) to recall a
formula that would give the solution. (No explicit general formula exists,
but the applicable principle is stated twice within the statement of the
problem.) Beginning students are strongly disposed to view mathematics as a
specific collection of formulas and algorithms, a phenomenon which needs to
be understood better. It is true that these students have typically had
teachers who viewed mathematics that way, but this fact does not establish
cause and effect. Do students acquire this view from their teacher (which
would be no mystery)? Or is the algorithmic view so natural for beginners
that the students have compelled their teachers to see (and teach)
mathematics this way? (It is certain that many students are not easily
induced to abandon the algorithmic approach. Cf., e.g., 'Davis, Learning
Fractions fin preparation].) A persistent difference between novices and
experts is the tendency of novices to see their work as a sequence of smallsteps, often neglecting well-known meaning [cf., e.g., Davis and McKnight,
1979], whereas experts see larger "chunks," more often in the form ofprinciples or of typical situations (or problet types). Clearly some of
this difference is inevitable, but the observed differences often seem
extreme, and may be the result of learning experiences that neglect larger
patterns in favor of a sequence of smaller steps. [Cf., e.g., Beberman
1958; see also Larkin, McDermott, Simon and Simon 1980].

III. Learning Mathematics

A. Given the situation described above, it may be no exaggeration to say
that a fundamental question of mathematics education is the following:

Which should come first,

understanding or algorithms?

Nearly every school program in the U.S. that has been carefully observed has
focussed mainly on algorithms.

To non-mathematicians, mathematics is algo-
rithms. [Eg., "to divide fractions, invert and multiply."] Reports are es-
pecially numerous on addition and subtraction involving "borrowing" and
"carrying." These topics are nearly always taught, and learned, primarily
as rote.
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It does not have to be this way. Dienes' MAB blocks provide an excellent
opportunity for students to get experience with place-value numerals. In

the base ten version, the smallest block is called a unit, and is a cube

approximately 1 cm. on an edge. Next larger is a "long", which can be

thought of as 10 units lined up and glued together (although of course it is

not manufactured that way). Next comes a "flat", ten longs placed side by

side and glued together. The largest block can be thought of as ten flats,

stacked up, and glued. Any decimal numeral not larger than 9,999 can thus
be represented by an array of base-ten MAB blocks. There is a unique

canonical representation if one observes the rule that "thou shall not have

10 blocks of the same"; these representations are isomorphic to standard

decimal numerals. But just as the canonical representation "64" in

allows alternative representations

64
- 28

51

N6, 4

- 28

so, too, do arrays of blocks (if one allows violations of the "thou shall

not..." rule) in this case, 5 longs and 14 units.

Many alternatives exist for the use of MAB blocks, and presumably some of

these are more effective than others. But the underlying fundamental issue

is: what different forms of learning result if a student first works with

MAB blocks and "trading," or if he/she first works with numerals and

procedures for operating with numerals? (It is known that many school

programs using MAB blocks are ineffective, in that thinking in terms of
blocks is not allowed -- by the children -- to,intrude into their thinking

about writing numerals on paper [Davis and McKnight, 1979]. This, of

course, is no argument that other ways of using MAB blocks might not

succeed.) [Lauren Resnick also has some data on this question. There are so

many different ways of using MAB blocks that the question is not easily

settled. Present evidence seems to support the unsurprising result that the

effectiveness of using MAB blocks depends upon how you use them.]

B. COnStructivism.

Two themes have emerged so strongly in mathematics education research that

they hale come to be regarded as a definite research posture, which has been

given the name constructivism. The first theme is the assumption that a new

idea is built u b modif in or combinin ideas that the learner alread

has. When stated that directly, the assumption sounds so familiar as not,to

deserve comment. But, when taken as a serious indication of how one can go

about study:111g the knowledge in a student's mind, the proposition has

important implications, and is supported by a growing body of evidence.
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Before considering it in detail, it is helpful to state also the second
theme: the foundation on which this pyramid structure of "new ideas" isbuilt can often be traced back to ideas that were learned early in life.

What does this mean? Or, perhaps equivalently, how does one study such
matters?

In quite a few different ways. One can
in U.S. . newspapers. One easily
intangible matters are described as if
type that a young child meets in the
"Because he had previous convictions
weight to his testimony." "The burdens
on the President's shoulders." "He

study language, for example as used
finds instances where abstract or
they were tangible matters, of the
first five or six years of life:
for perjury, the jury gave little
of the office seems to weigh heavily
stuck fast to his contentions andrefused to be shifted." "Sticking", "shifting", "refusing", "weight","heaviness", and so on, are clearly the kind of thing that a child hasexperienced very often in the first five or six years of life.

One can study the role of metaphors in the representation of knowledge. Howwould people have interpreted Rutherford scattering if they had lacked the"solar system" metaphor? Quinn (1982) has studied people's discussions ofmarriage (most commonly represented as a journey, or as a container, room,or enclosed space ("...affairs outside of the marriage..."), or as a
valuable product ("...to build a good marriage..."), or as a contract or
agreement or job ("...not doing his/her share..."), or as one of 'a few othercommon metaphors), and Dedre Gentner has carried out a long sequence of
fascinating studies on metaphors used to think about quantities orsituations in physics and engineering. Gentner, 1980A, 1980B; Gentner,1982).

One can study unconscious gestures. David McNeill, of the University ofChicago, has videotaped mathematicians talking to one another. In oneinterview, Mathematician A is explaining something to Mathematician B (whoobviously has a strong general knowledge of the area in question). Theearlier part of this interview establishes that A has some unconsciousgestures. Whenever he says "inverse limit" he rotates his right wrist as ifhe were screwing in a screw. Whenever he says "direct limit" he extends hisright hand outward, somewhat like a salute (or perhaps someone lauching apigeon into flight). What makes this interview especially interesting isthat, in the second half of the interview, Mathematician A makes severalslips of the tongue, saying "inverse limit" when he means "direct limit," or
conversely. In each case, B corrects him, and A acknowledges thecorrection.

However, in every case where the wrong phrase was uttered, the correctunconscious gesture was employed (so that, in these cases, the phrasepronounced did not match the gesture used).

Clearly, A's internal information processing is using some representationalsystem different from his words, and only in a last stage was the
representational knowledge converted into jatural language statements as an"output" product.
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More direct evidence for this same conclusion has been reported by Marshall
(1982), Marshall and Newcombe (1966), and Newcombe and Marshall (1980), in

cases of patients with brain lesions that blocked the communication within
the brain. For some of these patients, internal processing was unimpaired,
but communications between some language functions were blocked, making it
possible to get a more direct view of how the internal processing itself was
carried out. [For example, in one form of disorder, patients read the

printed symbol
glad

as "happy", believing that they -had read it correctly. Clearly, no

reasonable theory of phonics or direct visual-acoustic associations could

explain this. The printed symbol "glad" must have been translated into some
internal mental symbol, which was in turn translated into the oral response
"happy".]

The fundamental role of representations drawn from early experience -- even
when one is dealing with extremely abstract and complex matters -- is not

really mysterious. If you wanted to explain "one-to-one correspondence" to

someone who was not a mathematician, -how would you do it? How would you
explain continuity of a function y = f(x)? How would you explain the

addition of e.m.f.'s when batteries are connected in series?

On the other hand, the constructivist view of mathematics is something new -
at least to most people. For one thing, the prominence of metaphors has,

in the past, often been regarded a a convenience employed in interpersonal
communication. The constructivist sees it as something far more basic --

these "primitive" metaphors are essential parts of one's internal
representations of abstract ideas -- they aren't just "communication," they
are how you yourself think about these things. [Cf., e.g., Lakoff, 1982.]

When you think, you think metaphorically!

Why is this important? Partly because schools do NOT usually view mathe-
matics this way, and do not teach it this way. Ginsburg (1977) has noted
the discrepancy between the way children think about mathematics on their

own, and the way they do in school (because of the schc-A's expectations).
Underlying this discrepancy is the gap between the school's view of

mathematics as verbal and algorithmic knowledge, and the reality of mental
representations building upon earlier non-verbal representations within a

child's mind (or an adult's, for that matter).

Kieren, Nelson, and Smith [to appear] report the performances of some

seventh and eighth graders on fractions concepts in non-notational settings,
where they are able to use their "primitive" representations. One

eighth-grade girl, asked to divide four rectangles ("candy bars") equally
among three people, allocated them as in Figure 1.

Give this candy
bar to Person A

Give this candy
bar to Person B bar to Person C

Figure 1
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That is to say, she gave each person one Whole "candy bar". One bar was
thus left over. She respected the indicated division into fourths: she
gave one quarter to each person. One quarter was now left over.

She continued this process, always dividing the "left-over" portion into
fourths, giving one to each person, and having one left over.

In effect, she determined that

4 y 3 = 1.1111...(base 4 numeral).

This student could not have dealt with this within conventional abstract
notations, but in a setting where all of her "real world" knowledge (about
dividing into halves, or halves of halves, etc.) could he brought into play,
she was well able to solve the problem, showing an unexpected level of
ingenuity. (Admittedly, if she had divided a remaining piece into thirds
she could have made the process terminate.)

Lave et al. in press) report the contrast between the unsuccessful efforts
of some adt:Its to solve some mathematics ,problems in paper-and-pencil
settings, vs. their success with similar problems in concrete settings in
supermarkets, in their own kitchens, etc. [One man's diet called for him to
eat three-fourths of the cottage cheese in a cup that was two-thirds full.
He spread out some wax paper, arranged the cottag4 cheese on it as a disc,
marked two perpendicular radii -- thus getting fourths -- and took three of
them.]

This pattern shows itself time and time again students (or adults) who
are creative, resourceful problem solvers in familiar situations, but who
are, unable to carry this resourcefulness into "abstract" mathematiCal
situations, even though the problem structure may be essentially the same in
both.cases.

We would argue that the task of an effective educational program is to
establish problems and resourceful problem-solving at some appropriate
level, which (for some students) may be as concrete as these examples, and
then to carry these problems and this resourcefulness along a developmental
path into -- ultimately -- conventional notations.

Schools -- and, all too often, nowadays, university freshman courses --
usually fail to do this.

g

To :Je sure, a mathematician can deal with the definition of, say, the limit
of a sequence in the form:

The number L is the limit of the sequence

a
1

, a
2

, a3, ..., a
n

,

if, given any c > 0, there exists an

integer N such that

n > NCI an
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However, this same mathematician will often think of this concept in terms
of something closer to Figure 2.

a A\
n

L
L+ e

L - e

1 2 3
Figure 2

n

In Figure 2 we again see the prominent role of such simple, early ideas as

"nearness" and "there is" ("there exists") and "if you go far enough". The

combined effect is sophisticated and powerful -- but the constituent
building blocks are very simple ideas, which must be carefully assembled and
carefully juxtaposed.'

But of course the main point is that the successful mathematician has, with

great effort, built up a conceptual structure from "primitive" ideas about

magnitude, measurement, nearness, distance, through an elaborate structure

of coordinates, truth values, implication, indirect proofs, etc., until he

or she can deal effectively with statements about the "existence" of some

unspecified integer of wholly-undetermined magnitude. (How large is that N,

anyhow?)

Today's educational programs typically fail to promote this development in

most students. (Freshman college calculus and physics courses -- as

actually taught -- are not entirely exempt from this criticism!)

This situation helps to explain both some of the success, and some L.:1_ the

failures of the "new math" programs of the 1950's and 1960's. The best of

these programs did begin with such concrete experiential knowledge that

virtually every child could deal with them -- and children did learn this
material well when it was taught by, say, a David Page, who used this

strategy consistently. This conception of knowledge and this approach to
teaching were, however, so foreign to the conventional wisdom of schools

that the method could not be used in most schools, nor by most

teachers.1

The reader can observe directly how very simple ideas such as distance,
symmetry, interchanging A with B (well-known to young children in their

1 The Page approach -- or something recognizably akin to it. -- has'been

advocated by Polya (1965) and used by Bertrand Russell (1958), among

It has been discussed elegantly by Papert (1980), Minsky

(1980), Lawler (1982), and others.
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spontaneous play), and so on, are.employed in thinking about abstract mat-ters. Consider the fraction y = f(x) defined by

This has the weird property of being its own inverse:

1 - x 1
1 + x x

Y

What are the necessary and sufficient conditions for this to occur, ex-
pressed geometrically? Expressed algebraically?

What basic ideas did you use in thinking About this problem? Even thoughthey may have been expressed by sophisticated representations, if you tracethem back to the previous "foundation" ideas they were built on, and tracethose ideas back to what they were built on... and so on... you find a foun-
dation in the experiences of a child who may be 3 or 4 years old.

Interchanging x and y to turn £ (x,y) i= 0 into f (y,x) = 0 is recognizably
based on such simple ideas as interchanging two blocks of the sort thatchildren play with. The remainder of this discussion is left as an exercise
for the reader.

An elegant description of this phenomenon of building complex ideas on a
foundation of simpler ideas is given in Papert's Mindstorms (1980), where hedescribes how, when young, he was given a set of gears which he studied
deeply for a long time. The ideas gained from concrete experiences with thegears later provided a foundation for sophisticated ideas about equations,
causality, ratios, and so on.

Lawler (1982) has studied both cause and effect in his careful observations ofhis own children. In particular, in working with a computer (using the LOGO
language), his young son Robbie learned the value of studying a new situation by
systematically stepping one controllable variable. Subsequently, in a wholly
new setting (cutting paper loops to study the resulting configurations), Robbie
made effective use of this same method of stepping (incrementing) one variableat a time.

SUMMARY. In my view there is compelling evidence that the key ideas of
mathematics are NOT ex ressed in natural lane a e while the are bein
processed within the human mind. These ideas are often converted to natural
language for output purposes, just as some computers in Saudi Arabia present
outputs in Arabic, although a program ,entered into the machine in Arabic
will be converted by the machine to English (and BASIC, APL, etc.), thence to
machine language, processed, output in English, and (in some cases) converted
into Arabic listings for the convenience of Arabic-speaking programmers.

This is important for a variety of reasons, including these:
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1) Today's school programs are overwhelmingly verbal, natural-language

affairs. The basic, experiential concepts may fail to be developed in many

students.

2) CAI may make matters worse, since it so readily lends itself to

precisely this abuse. ("That CAI which is most easily written, should NOT

be." A new Murphy-type laW proposed by Jerry Johnson (1982).)

3) Someday someone needs to take a new look at courses in physics,

chemistry, calculus, etc., typically in high schools, community
colleges, and freshman university courses. The "mathematical" content --

formulas, mainly -- appears to be very great, including formulas from

special relativity and from quantum mechanics -- but this content is

presented unrelated to the ideas of physics and chemistry. The

sophisticated content of PSSC has been seized upon as a precedent to be
emulated, but the ripple tanks and racing cars and rotating platforms have
been left out.

[We observed some students trying to solve this

problem (from p. 815 of Halliday and Resnick):

15. (a) What is the separation in energy between
the lowest two energy levels for a container 20 cm.
on a side containing argon atoms? (b) How does this
compare with the thermal energy of the argon atoms
at 300K? (c) At what temperature does the thermal
energy equal the spacing between these two energy

levels?

The 'students treated this as a hunt for the correct
formula, and showed little knowledge of, or interest
in, the actual physics of the situation.]

A main message of PSSC, David Pa e's pro ect, and so on, has been lost: the
need for the gradual experiential development of CONCEPTUAL and INFORMATION-
PROCESSING foundations, often by NON-VERBAL means.

It seems that one of the great strengths of humans has contributed to one of
the great weaknesses of educational programs: humans can often sound as if

they know what they are talking about, when in fact they do not.

C. Principles of Instruction

On another matter, one of the great strengths of the Curriculum Improvement

movement has nearly been lost: the use of a different set of principles of

instruction. No compilations or analyses of this seem to have been made

(with the exceptions of Howson, et al.,(1981) and gPvden (1982)), but it may

be appropriate here to acknowledge their and to present one

example:

What Do You Want Students to Learn? (The "Tool" Principle.)

A principle used by some "new math" projects was sometimes called the tool

principle: every mathematical concept or technique or strategy or algorithm
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should be seen as a TOOL to accomplish some worthwhile goal. Typical school
programs, then and now, make little or no use of this principle. Thesin q may be defined as "the opposite side over the hypotenuse" (or in
other, more circumlocutious, ways), but this does NOT appear as an answer to
a recognized need. When one follows the "tool" approach, it does. The need
may be to determine the height of a flagpole in the school yard; the sin
(or, more likely, the tan V or the cot go can then be concocted as a tool
for solving this problem. This is not artificial; it is true 'to the nature
of mathematics. Every piece of mathematics is created as the response to a
sensible challenge, and students should see it that way. Few do.

The contrast can be seen clearly in the treatment of the field axioms as a
foundation for algebraic operations. One "new math" project presented thisuse via a sequence of ,activities, each sharply targeted at a Specific
learning goal. One activity was a game where, from two sentences, students
were asked to infer a third; this activity was intended to provide an
experiential basis for the idea that some collections of statements can
imply others. Another activity was the use of the word puzzles found in
newspaper puzzle sections: Start with, say,

SOUP
and end up with

N U T S.

At every line you must have a legitimate English word, and to get from onestep to the next, you may make a change at only one place in the string of
leters -- the last letter, say, might be changed from a "P" to an "R", while
the first, second, and third letters remain unchanged. This activity is
intended to provide an experiential foundation'for the idea of changing a
symbol string according to precisely specified "legal" rules. What is legal
is specified with considerable precision, but the strategic choices of what
would be useful (would move toward the goal) is left as a creative planning
task for the student. A third task combines these first two ideas, by
starting with, say,

and deriving
A+ (B x C) = A + (B x C)

(C x B) + A = A + (B x C),

by explicit, careful use of the commutative laws. This treatment follows
(more or less, anyhow) the tool requirement. A problem is to be dealt with,
and a certain method (or concept, or technique, etc.) is used to deal withit. The thing to be learned is presented in so clear a form that it
more-or-less has to be learned.

By contrast, typical treatments of this same topic, as observed in some U.S.
schools in the fall of 1982, violate the tool principle. They are vague in
their specification of what students should learn, and the learning
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activities allow for the learning of undesirable or incorrect "knowledge."
A typical example asks for the solution of the equation

0 = 7m + 4 - 3m

by using (a modified set of) the field axioms. This problem confuses many

goals. If the goal is to find a replacement for the variable m that will
produce a true statement, one does NOT need the field axioms. Indeed, most
students can guess, or use trial and error, or use analogical reasoning, or
graph y=7m+4-3m. ,Hence, students typically learn that the axioms are an
unnecessary complication of an otherwise simple task. This is NOT one of
the things we want students to learn about mathematics.

Even worse, the details of this problem are so complex, and both teachers
and students have so much informal knowledge (and so little familiarity with
the axioms), that it becomes difficult to say whether one did, or did not,
follow the rules correctly. For example, if you decided that you aeed to
use the associative law for addition, then you must turn the "subtraction"

into an addition:

0 = 7m + 4 + [0 (3m)],

where °(3m) denotes the additive inverse of 3m. But how does one construct
the additive inverse of a product? In recent observations, both teachers
and students merely replaced "3" with "-3". What axioms or theorems were
used to justify this? (In this case in question, none were; the matter was

ignored.) Thus, instead of learning a careful use of precise rules, the

student was learning a careless accommodation to a set of ill-defined

rationalizations which were, in any event, perceived as merely gratuitous
obstacles of the sort that give meaning to the word "academic," Is this

what axioms are?

Further, whereas ingenuity in recognizing goals, setting sub-goals, and

devising strategies to achieve these sub-goals should be one of the main
skills to be learned, it was virtually absent from the lessons in question.
The students were merely told "automatic" algorithmic procedures for solving

equations of this type.

The careful and appropriate specification of desired learning outcomes has
proved to be a very troublesome matter. Frequently (as we would argue was
the casein the "solution" of 0=7m+4-3m) these goals are very poorly chosen,

not aimed sharply at major mathematical ideas. Testing to determine what
has been learned shows this same flaw. The attempt a decade or so earlier
to use explicit written specification in the form of so-called behavioral
objectives was a disastet, because it focused on minute matters instead of
large ones, it emphasized the explicit and ignored the elusive, it dealt
with behaviors when it should have dealt with ideas (or "products" when it
should have dealt with "processes"), and it fostered the illusion that a
curriculum in, say, calculus could be designed and implemented by people who

did not themselves understand calculus.
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SomehtiV, this unhappy history must be seen as informing us of weaknesse in
some of our common research paradigms. Care in research is supposed to
protect us from error, but evidently it does not always do so.
Self-consistent systems can be created and operated while the reality_ they
are supposed to deal with leaks out through cracks in the basic
conceptualization.

SUMMARY: It may be desirable to pay more attention to the various
"principles," whether implicit or explicit, that play a role in shaping
learning experiences, and in determining what the student actually learns.

D. Some Typical Research Results.

In this section we summarize, very briefly, eleven themes from recent
research results:

1. A very large number of students can learn considerably more mathematics
than they typically do at present. (Johntz (1975); Kaufman (1964); Swinton,
et al. (1978); Davis, Jockusch, and McKnight (1978); Dilworth (1973); and
others.

2. The discrepancy is particularly pronounced in the case of
mathematically-gifted students (Julian Stanley and his colleagues (1977);
Kaufman (1964); Suzuki (1979); Kumar (1979); and others).

3. At the same time, there is bad news as well as good. Many students are
in fact learning far less than they are believed to be learning. For
example, Clement studies students who were believed to have successfully.
completed 9th grade algebra, the study of quadratic equations and
simultaneous linear equations and conic sections and even more, but who
could not answer correctly the questions:

In a certain college there are 6 students for every professor.
Write an equation to express this fact, using P for 'the number of
professors, and S ,for the number of students.

The common wrong answer, of course, was

6S = P.

The error was not a casual "slip of the pen." On the contrary, students
making this error were convinced that they were actually correct, and
vigorously resisted efforts to change their minds on the matter. [Rosnick
and Clement, (1980) Davis (1980).] DiSessa reports on students who have
"successfully" completed a year of college physics, but for whom dynamics is
really still Aristotle's dynamics, not Newton's (1982.). Burt Green and,his
colleagues report the same phenomenon [McCloskey et al., 1980]. [Note that
the "bad news" in (3) does not contradict the promise of (1) and (2).]

4. Mathematics is more diversified than most parents and teachers assume.
In particular, it is NOT merely a collection of memorized algorithms.
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5. Students in many curricula are seriously deficient in understanding what
they are doing (see, e.g., Alderman et al. (1979)).

6. Careful analysis of. errors can give important information about thought
processes, and can guide remediation efforts (VanLehn 1982; Matz 1980;

Erlwanger 1973; Davis 1980).

7. Generally speaking, more effective mathematics instruction is based upon
creating an experiential foundation and building carefully upon

already-established ideas [Papert 1980; Walter 1968; Kieran, et al., to

appear; Lawler, 1982; Ginsburg, 1977; Lave (in press); and others.]

8. Computers can play a role in the preceding matters, sometimes in

desirable ways, sometimes in undesirable ways. (Papert 1980 Lawler, 1982;
Alderman et al. 1979; Swinton et al. 1978; and others.)

9. It is advantageous, if not essential, to provide an active role for the

learner.

10. What can be taught within a school classroom is constrained by:
(i) the teacher's knowledge
(ii) the teacher's personal values or personal philosophy .

(iii) the use of the curriculum as .a tool to maintain social control
within the classroom social situation.

[We shall return to this topic in a later section.]

11. Recent ETS reports indicate that minority students are "closing the

gap," at least as measured by PSAT scores.

Reports from the Center for the Study of Reading (Richard Anderson) indicate

a situation in reading that seems to parallel the situation in mathematics.

Too much attention paid by the school to the mechanics of "calling out
words" appears to hamper the growth of real power in reading (which means,
of course, primarily comprehension).

IV. Do You Need A Theory?

Not only does the "alternative paradigm" in mathematics education research

use task-based interviews, error analysis, etc., to get information about

student thought processes, it also tries to develop, from postulated
foundations, a theoretical conceptualization of these thought processes.

Is this necessary?

Looking at the history of physics, chemistry, and biology suggests that it

is. How far could chemistry have developed if it had dealt only with

more-or-less directly measurable quantities, such as combining ratios,

densities, pH, etc.? The periodic table, and electron layer explanations of

the periodicity, etc., played an essential role without which modern

chemistry could not have been created. [Cf., especially Matz (1980); Minsky

and Papert (1972); Minsky (1975); VanLehn (1982); Minsky (1980); Davis

(1983).]
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V. Schools

Any consideration *of what mathematics is, and how people can"(or should)
learn it, must sooner or later come face to face with certain attributes of
schools (although several present-day writers believe that, in the future,
more mathematics will be learned outside of school than inside).

Some recent observational studies of some schools in Illinois emphasize four
points, none encouraging:

1. Schools.continue to be "wordy" places. There is a great deal of talk.
It seems to be assumed, implicitly, that knowledge can be transmitted to
people by telling them things in natural-language formulations;

2. What can be taught is presumably limited by a teacher's own knowledge of
the content. Within mathematics and science this poses severe problems;

3. What can be taught is limited by the personal values and personal
philosophy of the teacher (and the expectations of the school). One
teacher, preparing for a mathematics lesson, remarked to the observers:
"Never set out without knowing exactly where you're going!"

How do you reconcile this with Alexander Fleming's remark: "The job of a
scientist is to look at something that a thousand people have looked at, and
see something that no one ever saw before"? It is no wonder that "discovery
learning" and laboratory exploration encountered opposition in schools.
They represent direct challenges to the personal values of many teachers.

4. Finally, as Karplus and many others have pointed out, for many schools
the prime role of the curriculum is to provide a tool whereby the teacher
can maintain social control in the classroom. This surely explains some of
the popularity of workbooks and written exercises, and the unpopularity of
discussion sessions. Students can be kept orderly while they are answering
routine questions, perhaps on paper. When they are asked to work together
to think through some perplexing matters of some subtleties, they are not so
easily controlled. (Cf., e.g., Cusick, 1973; Cusick et al., 1976.)

It is NOT an inevitable attribute of all schools -- we have found some
exceptions -- but it is the common rule in most. (Oettinger's Run,
Computer, Run deals with this briefly -- e.g., "No one is an individual in
the language lab!" So does Silberman's Crisis in the Classroom.)
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Introduction

A teacher's view of the potential that information technology has for
improving teaching and learning grows out of classroom experience. Almost

all teachers understand both the possibilities for use of the new equipment

and the practicalities involved. They realistically appraise the problems
associated with using new systems and their ability to overcome these

problems.

The opportunity that technology offers education is as real as the burden

educators bear if they take that opportunity. The challenge is to develop

the methods that will allow teachers to take advantage of technical progress
within the limits of their time, training, and the reality of the classroom
environment.
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Today, new technology can be applied to improve curricula in over a dozen
ways. We must overcome the problems to fully realize the educational bene-
fits for teachers and students alike. Research is the key to those bene-
fits.

Areas of Opportunity and Challenge

1. Teacher Training

At a time when having talented teachers of science and mathematics is essen-
tial, the nation faces a crisis. The quick solution -- attracting talented
students to teaching careers -- is difficult in the face of low starting
salaries, attractive offers from industry, and the disfavor with which some
view university education programs.

An alternative solution lies in in-service teacher training; however, the
building consensus nationwide is that the current status of in-service
training is unacceptable and that major changes are needed to upgrade the
system. Interestingly, new technology may be an important part of that
solution; in fact, it may have a unique role to play in tea:ther training.
This technology must be both the subject and method of in-service training.
The new capabilities of computer, video, and communication systems offer a
potential which must be tested in the schools and with teachers.

A Teacher's View

Already industry has been able to justify the expense associated with
methods of instruction involving new technology. It would be a sad state-
ment on the nation's priorities if the companies which sell computers and
securities can justify instructional investments for their employees but
education cannot justify the expense to train teachers. In view of the ex-
pense, it is not clear that the private marketplace can undertake an ambi-
tious program to prepare materials for training teachers.

Certainly, this approach toward in-service training deserves to be the sub-
ject of testing and research. We need to know whether teachers are comfort-
able teaching with a method from which they themselves have never learned.
If there are proposals to use computers and other technology in the teaching
of children, it would be wise to have teachers who have benefitted from this
teaching method. It is difficult to use a method based on theory and pro-
mise rather than personal experience. Yet, for the potential of the new
technology to be realized, there must be people in local school systems who
can make it succeed. If funding for the equipment is a problem, then the
initial expenditures for equipment and software must go toward the critical
area -- teacher training.

If the technology is not successful with adult teachers, there is little
point in discussing its potential for students in the classroom. Even more
to the point, if these new approaches are to be used in the classroom,
teachers must be trained. What better way to do the training than with the
method to be taught?
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2. Content and Time on Task in the Elementary Grades

Many educators feel that a major teacher training effort is necessary to improve
the teaching of science and mathematics in the early grades. They believe that
training should he focused on content as well' as methods in or4r to be effec-
tive. Without training, teachers lack confidence in teaching the subject and
may question the efficacy of recommended approaches. All teachers are concerned
about the inability of students to solve problems, even those problems requiring
the most straightforward application of arithmetic facts. Research must be
conducted to see if new approaches can help to address this problem.

Among the many other questions that need answering is a difficult one related to
the required-computer hardward for instructing very young students. Must the
hardware be sophisticated (expensive) for teaching at this level or would large
numbers of the small capacity, general purpose units be suitable? Must there be
equipment in every classroom or should it be clustered in a central laboratory?

Answering these questions involves exploring the type of instructional applica-
tions for which the new technology is suitable. The answers are fundamental to
evaluating potential uses of the new technOlogy in the early grades. This is
eifficult as there is a tendency to apply the available equipment (one knows
that it can be purchased) instead of working from the top down and designing the
machine with the application in mind.

Unfortunately, the current situation may be a worst case scenario: on one hand,
administrators are not convinced the applications have enough promise to justify
expenditures for expensive equipment; on the other hand, they do not expect to
have a pool of teachers trained to use the affordable equipment in substantive
ways.

Two immediate steps are suggested: research should be undertaken to provide
answers to questions posed above; teachers and administrators should be given
opportunities to learn enough about alternative methods to make informed deci-
sions for their particular school and situation.

3. The Middle Grades

When teachers meet to discuss ways to improve school mathematics, many agree
that something goes amiss in the middle grades. Middle grade teachers report
that their students arrive with poor preparation from the lower grades. After

discussion, proposals usually are made, and attention quickly turns to the

status of high school mathematics. Soon there is disagreement on what should be

done at that level.

It is almost as though the excitement lay in discussing the symptoms rather

than attacking the problems. One of the basic reasons for this indecision and
inaction in solving middle grade mathematics failure is teachers' frustration at
.not knowing what needs to be done and their realization that many colleagues,
who have the training to teach in the middle grades, chose to teach in the high
school, where again, there is a shortage of trained teachers and a better

teaching environment.
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The new technology has a role to play in improving mathematics teaching in
these critical middle grades. For example, 'there must be a way to capita-
lize on students' fascination with video games. There also should be a
possibility of using methods now available through teleconferencing, video
disks, and computers to provide splcialized instruction for accelerated or
remedial students.

Certainly, the remedial student should be able to benefit from new delivery
systems for instruction. it is sad to see teaching methods which have
already proved a failure with remedial students being used with these same
students.

Perhaps the new technology offers an alternative method of teaching Algebra
1 and Algebra 2 in the middle grades, where the small numbers of students or
the unavailability of trained teachers make offering the courses a difficult
undertaking.

Currently, there are not many affordable alternatives to structured classes,
tutoring, workbooks, and ditto sheets, but the new technology has the poten-
tial to change the situation. It is worthy of extensive research.

4. Advanced Courses at the High School

Many schools suffer from a lack of faculty prepared to teach advanced
courses in mathematics, science, and foreign languages. Efforts should be
made to provide an alternative method of instruction for the often small
number of students prepared to take these courses. This particularly
applies to rural schools where teleconferencing, video disks, and computer
networks could be used to provide a student an opportunity to learn and to
face challenges currently unavailable. The master teacher idea once envi-
sioned with television may be successful with video disks, teleconferencing,
and computer networks.

5. Early Identification for Remediation

For a number of reasons the testing in schools today is not always accom-
plishing its purpose. The style of testing may be disruptive to a school
program; often the results are returned in a form that cannot be processed
in a sophisticated way by the local unit; and expertise necessary for the
successful use of diagnostic and prescriptive tests is not always available
at the local level.

Recent advances in teleconferencing and computers may provide significant
help in this area. At a minimum it would appear to be possible to use a
microcomputer to grade tests, to develop software to enable local districts
to process test data easily, to design inexpensive computers which can Ad-
minister interesting tests (tests which are chosen from a large collectlon
of problems so that two tests do not have many questions in common), to use
teleconferencing for training staff in interpreting test. results, and to
offer remediation in a variety of delivery systems. Computers and video

. disksMay be particularly good for implementing an individualized testing
program for mastery: based learning.
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6. Handling the Wide Range of Abilities in the Classroom

Individualization is extremely difficult in today's classroom. The new
technology makes a variety of approaches possible. Research must be carried

out to ascertain the effectiveness of new approaches toward instruction at
various levels of education. Recommendations for a successful mix of modes
of instruction are essential to help local districts spend limited funds

wisely.

7. Treating the Applications of Mathematics

8. Doing Justice to Computer Literacy, Computer Programming, and the

Computer as a Tool

9. Covering the Material in the Syllabus

10. Including Additional Topics in the Curriculum

When one reads the syllabi for courses in the mathematics sequence, one is

struck by two facts: 1) it is very much a calculus sequence for those who
are in a college preparatory program; and 2) the syllabi could not possibly
be an accurate description of what is actually being taught. This last

point is of utmost seriousness. If the syllabi were being covered, the

achievement of the students would be vastly different.

Also, if the syllabi were to be covered, the mathematical background of
teachers would need to be different. Since the teachers are unable to cover
fully the desired course material, suggestions to include additional topics
are viewed with skepticism. Teachers realize that additional topics should
be included in the curriculum, that students should receive an introduction

to the computer, and that applications deserve better treatment in-the cur-

riculum; however, in the teacher's view, attempting to include...these topics

in courses where important parts of the subject.are already being omitted is
unrealistic and leads to disappointment.

The failures in execution of the current curriculum are serious; the pro-

blems occur across all grade levels. Clearly, we must address them in order

to establish a classroom environment which is flexible enough to permit
changes in the educational methodology and Which is conducive to the full
development of recommended changes.

Again, it is possible that the new technology can be a major tool in enab-
ling teachers to give proper coverage in their courses. This would especi-
ally be true if the treatment of the topics in the early grades ensured that
each student arrived at the next grade better prepared. Just as calculus in
the schools is often taught on a poor algebra and precalculus base, many
current applications of computers in the schools are applied over a syllabus

as though the mere presence of computers will improve the quality of

instruction. It is of some concern that most attempts to improve instruc-

tion are "layered products" over 'a possibly "deteriorating operating system"

(the quotes are those of the,authors),
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11. Student Behavior

It is awe inspiring to contemplate that teachers must work both with wonder-
ful young people (some brilliant, some not so gifted, some motivated, some
unmotivated) and with other young people who in a few years will be winding
their way through an overcrowded judicial system or shortly be dead as' a
result of violence. The broad spectrum of people served by the schools is
both a strength and weakness. One weakness will have direct bearing upon
the success or failure of introducing technology into the classroom.

Systems designed to aid instruction cannot always be placed in a classroom
of well-behaved students, and educators cannot assume that expensive equip-

. ment will not be open to vandalism. This is a sad situation, but many great
theories are "murdered by a gang of cruel facts" (Kafka). Research must be
conducted in representative teaching environments to ascertain the appro-
aches that have a chance of success in a "real" school as opposed to the
theoretical school of our hopes and wishes. Administrators are well aware
of the true situation in their schools and will not fund programs which do
not address this environment.

Poor student behavior is often attributable to a feeling on the part,of the
student that school is irrelevant. Given current manpower shortages in
fields requiring training, what could be more relevant than Iocational
training utilizing the new technology? It is a question worthy of research.

12. Implementation of the NCTM "Agenda for Action"

13. Modernization of the Attitudes Both of Parents. and Teachers Cited in the
NCTM "PRISM" Summary

A reading of the "Agenda for Action" reveals that the list of eight recom-
mendations was a product of much thought and discussion. Teachers support
the recommendations, which are sensible and yet innovative, but there is a
sadness in viewing the factors which limit attempts to implement the recom-
mendations. Teachers are frustrated by their text books,'by their workload,
by the school environment, by parental attitudes, and, by the inadequacy of
their own preparation in the content area. While the new possibilities for
approaches to instruction will not solve all problems, there is reason to
believe that research will lead to recommendations on how new technology may
aid in implementing the "Agenda for Action." Teachers can be expected to
respond positively. The groundwork has been established. Now new ideas are
needed on how these recommendations can be implemented. Approaches.which
make use of microcomputers, video disks, and other equipment offer a vehicle
for these new ideas. New applications are so much in demand that they could
lead to an acceptance of the vehicle itself.

A list of questions needing investigation in this regard may include the
following: Are the roadblocks present in mathematics problem solving? How
can computers enhance problem solving for the typical student other than
merely programming an algorithm already memorized? What areas are particu-
larly open to interdisciplinary approaches using new information technology?
What are situations where individualized instruction is advantageous and how
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can recent advances in technology be used in such situations? What are
factors that prevent some students from successfully using computers? Is

there a situation that exists similar to "math anxiety"? How may coordi-
nated approaches toward the teaching of science and mathematics be imple-
mented? Can the computer serve as the common interface?

The "PRISM" report indicates that attention must be given to teacher and
parental attitudes toward the purposes of instruction and alternative appro-
aches. Society's view of the teaching profession is a major problem for
education today. It is possible that the status of the profession can be
improved by using modern day tools in instruction; however, that possibility
will be lost'if new approaches are forced into unsuitable applications.
Research must be conducted to find the areas of application which are suit-
able and effective and which both teachers and parents will support.

14. The Heavy Paper Work Load for Teachers and Administrators

For a teacher, it is discouraging to see the substantial tools being placed
into the hands of managers in business to ease their tasks when the paper
work for teachers and administrators continues to grow and no new tools are
offered. Industry easily justifies convenient editors for word processing,
data management systems, electronic scratch pads for budgeting and schedu-
ling, and other modern tools. Expenditures in this area have led to the
development of total packages where all of these functions are menu driven
and operate on the same file structure.

Common sense marketing dictates that the cost of developing these packages
for education are not justifiable. Otherwise; the packages would exist.
One factor which retards development of educational- packages is industry's
fear that educators are reluctant to use the tools. Again, it is society's
image of teachers and principals as being different from small businessmen
that obscures the fact that much of the paperwork is similar. Research
should be supported to prepare software packages which aid the teacher, the
principal, and the superintendent.

More is required for implementation than making specific recommendations
regarding the applications of existing software. It also is essential that
the cost effectiveness of this approach toward the non-classroom tasks be
demonstrated. Some readers may consider this application unimportant and
unexciting. To the teacher, however, it is clear that a reduction of the
time spent on clerical duties can lead directly to more time spent on
teaching task be it preparation of lessons, more carefully graded papers, or
clearer communication with parents. An electronic time line capable of
updating, among other tasks, may enable supervisors to keep abreast of what
is actually being taught and may help the teacher become a better planner.
An electronic grade book and absence recorder could be a tremendous time-

saver. A text editor would be invaluable in writing tests and student eval-

uations. For the principal, the applications are many and obvious. Recom-

mendations by experts can clarify which applications are suitable for a
microcomputer and Which require a minicomputer. More importantly, the

availability and cost effer"tiveness of these tools must be communicated to
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the local units. It is difficult for a superintendent to justify a large
expense for software packages if success is not documented or if no one in
the local unit has had first-hand experience with the packages.

Comments

The preceding remarks clearly indicate a strong bias toward the importance
of teacher training. Any attempt to make substantial changes in what is
taught and how it is taught (should that course be desired) will require a
strong base of trained teachers to be successful. The area of technology is
a perfect area in which to focus training. Not only can training take place
on how to use the technology, but also the technology itself can be used to
do the training.

The communication of research results to the classroom teacher is currently
haphazard and has small impact in the classroom. The area of the applica-
tions of technology to instruction and administration is an ideal vehicle.
for changing this pattern. If research and innovation which are applicable
to the real school environment are supported, teachers will be eager to
explore new ideas. If, however, the products of the research are applicable
only to the ideal school environment, teachers again will be disappointed by
another lost opportunity. The acquisitions of microcomputers by schools
over the past three years is testimony to 'teachers' desires to improve
teaching and learning_e__Equipment-waspurchased-Twith fundsfrom-- tight -bid=
gets, with little promise of expert support at the local level, with modest
access to educational software, and without a true sense of the overall
potential of the equipment. These purchases are a response to a need. The
impact upon students would be immediate if the results of research led to an
organized approach for the use of the equipment, if equipment is integrated
into the total school curriculum instead of limited to narrow applications
related to the study of programming, if the equipment is the precursor of
even more sophisticated teaching tools, and if the equipment is the first
step in a determined effort to improve the preparati,,,n of teachers. The
opportunity before us is unique; the local school districts have taken the
first steps even before an organized set of recommendations is established
at the national level. The environment for change is real;' however, any
proposals for change must be predicated on use of equipment in real schools
with real students. Administrators recognize the new possibilities and are
eager for sound advice on how to take advantage of new technology to benefit
education. Advice is also needed on addressing the dangers encountered in
placing computers in the schools. Some staff and students suffer from "com-
puter adolescence" -- a tendency to spend time at the computer keyboard
ineLead of attending to required auties. Research in this area may provide
answers which teachers need today.

Research efforts can take many forms. prototype software is essential.
Software for training teachers could be modeled on packages industry uses in
training employees. Also, prototype applications for the classroom are
essential in order to measure the success or failure of the new approaches.
Research on the type of equipment best suited for the schools should also be
supported.
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Conclusion

As many recognize, the opportunity before us is real just as the burden is

real. First a broad range of equipment, in addition to microcomputers, is

entering school systems and offers opportunities for improving instruction.

Second, if the initial uses of the equipment are unsatisfactory in teachers'

opinions, future applications of a broader range of equipment, based on more
substantial research, will be hindered. This comment deserves attention.

Micros are entering the schools. In some cases this entrance is disorgan-

ized and in some cases there is little expertise to support those attempting

to use the equipment. The resulting environment is not conducive to suc-

cess. A significant failure now to live up to teachers' hope for improving

instruction could lead to resistance in the future, when attempts are better

organized. This is the price which must be paid for technological advances
(especially in hardware costs) when they outpace planning by those respon-
sible for the future uses of equipment in the schools. This "bottom up"
approach may in the end be a blessing as it is often a precursor for major

change.

It is also important to realize that changing how people do their jobs is

always a difficult task unless the changes are clearly an improvement.
Teachers have an understandable reluctance to use methods in which they do

not believe: This is especially true when the methods appear designed for
classroom environments which- few -- have experienced or when the methods do not

place due emphasis on the motivating role of the teacher. As suggested
above, teachers tend to use methods from which they have benefitted. This

is a major reason for suggesting that the new approaches using technology be

used in the training of teachers.

The reluctance to adopt new methods easily is not limited to teachers. It

is not only education that may be failing to take full advantage of these

advances. It would appear that education shares many things in common with

other businesses, especially in the area of training and serving adults.
These shared applications may provide a base for a partnership with industry

in funding proposed research. Such cooperation between government and
industry is essential for the products of research to have a significant

impact in the classroom.

The current situation encourages a skepticism toward the applications and

the effects of technology in the schools. Previous unfulfilled promises

(film, overheads, television, slides, phonographs) will cause many exper-
ienced educators to question the value of more new and untested equipment.

They are aware that current research provides few answers that support

applications of the new technology. The purpose of this paper is to propose

that there be a two-pronged approach: do the fundamental research necessary

to find appropriate areas of application, and use the technology to address

the need for in-service training of teachers. Of the two areas, the latter

is the more important. Both are appropriate for a national role in educa-

tion. Training teachers and administrators permits decisions to be made at

the local level based both on personal experience and research.
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One large danger looms ahead if application of the new technology to
instruction proves immensely successful. Potentially, such a result could
lead to a dramatic improvement in education. Unfortunately, this improve-
ment may occur for only the chosen few. It would be very sad if the gap
between the wealthy districts and the poor districts widened due to access
to modern equipment.

There are many potential areas of application for the new information tech-
nology. The remarks above are intended to initiate discussion. It is
important that discussion be based on reality. The schools -- the students,
the facilities, and the teachers -- are likely to remain as they are.
Technology may help improve the schools, but it would be a mistake to wait
for schools to improve before applying that technology.

-a
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EXECUTIVE SUMMARY

Our charge from the NSB Commission was to identify what parts of mathematics
must be considered fundamental for education in the primary and secondary
schools. We concluded that the widespread availability of calculators and
computers and the increasing reliance of our economy on information pro-
cessing and transfer are significantly changing the ways in which mathe-
matics is used in our society. To meet these changes we must alter the K-12
curriculum by increasing emphases on topics which are fundamental for these
new modes of thought.
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This report contains our recommendations on needed changes -- additions, de-
letions, and increased or decreased emphases -- in the elementary and middle
school mathematics curricula and a statement of more general concerns about
the secondary school mathematics curriculum.

With regard to elementary and middle school mathematics, in summary, we re-
commend:

o That calculators and computers be introduced into the mathematics class-
room at the earliest grade practicable. Calculators and computers should
be utilized to enhance the understanding of arithmetic and geometry as
well as the learning of problem-solving.

o That substantially more emphasis be placed on the development of skills
in mental arithmetic, estimation, and approximation and that substan-
tially less be placed on paper and pencil execution of the arithmetic op-
erations.

o The direct experience with the collection and analysis of data be provid-
ed for in the curriculum to insure that every student becomes familiar
with these important processes.

We urge widespread public discussion of the implications of the changing
roles of mathematics in society, support of efforts to develop new materials
for students and teachers which reflect these changes, and continued and
expanded experimentation within the schools.

With regard to the secondary school curriculum, in summary, we recommend:

o That the traditional component of the secondary school curriculum be
streamlined to make room for important new topics. The content, empha-
ses, and approaches of courses in algebra, geometry, precalculus, and
trigonometry need to be re-examined in light of new computer technolo-
gies.

o That discrete mathematics, statistics and probability, and computer
science now be regarded as "fundamental" and that appropriate topics and
techniques from these subjects be introduced into the curriculum. Compu-
ter programming should be included at least for college-bound students.

Modern computer technology clearly has vast potential for enriching and en-
livening the secondary school curriculum. However, we are not now in a po-
sition to make firm recommendations. There is need for research on the ef-
fects of incorporating technology into the traditional secondary school cur-
riculum. We'urge Federal support for investigations into this question, in-
cluding development of experimental materials and prototypes of actual
school curricula.

1 4 3

140



Although we are generally optimistic about the future role of computers, we

feel we must highlight one point that worries us even though it is not
directly within our charge. The disparity of access between children who
have a computer at home and children who do not threatens to widen the edu-

cational gap that already exists between different economic strata. It is

urgent that programs be designed to address this problem.

We clearly recognize that the most immediate prOblem is not the mathematics

curriculum, but the need for more, and better qualified', mathematics

teachers. One section of this report is devoted to recommendations on at-
tracting and training prospective teachers, better utilizing the talents of

in-service teachers, and retraining teachers who are inadequately prepared
for teaching mathematics. We feel that the coming changes in subject matter

and emphasis not only will bring a new sense of vitality to K-12

mathematics, but also will encourage teachers actively to seek and partici-

pate in programs of professional development.

The COnference Board of the Mathematical Sciences stands ready to assist
efforts to develop immediate strategies for addressing the teacher shortage

and to develop long-term strategies for bringing about the curricular

changes envisioned in this report.

I. The NSF/CBMS Meeting

In response to suggestions made at the July 9, 1982 meeting of the National

Science Board (NSB) Commission on Precollege Education in Mathematics,

Science, and Technology, the Conference Board of the Mathematical Sciences
(CBMS) held a special meeting to address the topic THE MATHEMATICAL SCIENCES

CURRICULUM K-12: WHAT IS STILL FUNDAMENTAL AND WHAT IS NOT. The meeting was
held on September 25-26, 1982 at the headquarters of the Mathematical Asso-

ciation of America in Washington, D. C.

Participants in the meeting included the presidents of the American Mathema-

tical Society, National Council of Teachers of Mathematics, Mathematical

Association of America, ;American Mathematical Association of Two-Year

Colleges, and Society for Industrial and Applied Mathematics. The other
participants included two members of the NSB Commission, two members of the

Commission staff, and representatives of the CBMS constituent organizations

and the CBMS officers.

II. Recommendations to the Commission

INTRODUcrioN

In the limited time available during the conference, it was not possible to

establish full consensus on every detail of the working group reports. How-

ever, there clearly was broad consensus on the need to incorporate calcula-

tors and computers, as well as additional data analysis, into the K-12

curriculum and to make the necessary adjustments in the mathematical topics

and modes of thought traditionally taught at these grade levels.
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Some detailed recommendations on the fundamentals in the K-8 curriculum,what should be emphasized more and what should'be emphasized less, are given
in the working group report "Elementary and Middle School Mathematics." The
corresponding adjustments needed in the secondary school curriculum, wherethe impact of technology is even greater, are described in more general
terms in the two reports "Traditional Secondary School Mathematics" and in
the report "Non-traditional Secondary School Mathematics." In this areamuch more investigation and experimentation are required before a firm
consensus cam be reached.

Recommendations on dealing with the challenge of providing children withaccess to, and understanding of, computers and calculators pervade this
entire report. They are dealt with specifically in the report "The Role of
Technology." A statement of the relationship between the mathematics curri-
culum and what is, or can now be, taught in other disciplines is given in
the report "Relations to Other Disciplines." The report entitled "Teacher
Supply, Education, and Re-education" contains a variety of recommendations
on attracting and retaining well-qualified mathematics teachers.

There was general agreement at the conference that the most pressing immedi-
ate problem is the need for more, and better qualified, teachers in theclassrooms. No curriculum, no matter how well-founded, can possibly succeed.
without dedicated and competent teachers to teach it. However, many parti-
cipants felt that appropriate changes in the curriculum at this time, rather
than detract from efforts to deal with the teacher shortage, could bring a
new sense of vitality to K-12 mathematics and could se:Tve to encourage
teachers to actively seek and participate in programs of professional
development.

Participants in the conference were also in agreement that their
suggestions, even if influential in full, cannot be expected to constitute a"cure-all" for all the shortcomings of K-12 mathematics. In fact, a funda-
mental improvement in K-12 mathematics can be hoped for only within the
framework of a general improvement of the total school environment.
Remedies for the difficulties facing the teaching community (low teachers'
salaries, low prestige, lack of support by society, lack of discipline in
the classroom, irregular attendance, etc.) are societal in nature and fall
outside the mandate and the competence of this group.

SOME ADDITIONAL REOOMMENDATIONS

In addition to the concerns and recommendations in the working group
reports, a few points were emphasized in the general discussions which are
of vital importance in the implementation of any curricular changes:

o Textbooks

Textbooks play a key role in the mathematical sciences curriculum at alllevels. Any major changes in the curricula at the elementary, middle, or
high school levels must be accompanied by corresponding changes in text-
books. For this to happen, the groups responsible for preparing textbook

145
142



series and for adopting textbooks must be deeply involved in efforts to up-
date these curricula.

o Testing

To a large extent the grade and high school teachers are under strong pres-
sure to train their pupils so as to maximize their chances of doing well on
standardized tests. As long as these tests stress computations, the pupils
are bound to be drilled in computations, regardless of any other guidelines
the teachers may have received, and even contrary to the sounder convictions
the teachers themselves may have.

We call the attention of the COmmission to the power and influence of stan-
dardized tests. Properly modified, these can have considerable effect in
hastening the hoped-for improvements in the present teaching of mathematics
in grades K-12.

o Articulation

The entrance requirements and course prerequisites of the nation's colleges
and universities are major factors in determining the topics in the secon-
dary school curriculum as well as the amount of time devoted to them.

-Efforts to .change the curriculum at the secondary level must be carried out
in a cooperative effort with the colleges and universities.

o Equal Access

The disparity of access to computers between children who have a computer at
home and children who do not threatens to widen the educational gap that
already exists between different economic strata.. It is urgent to design
programs to address this problem.

o Women and Minorities

The conference noted with satisfaction the_ improvement during recent years
in the participation of women in upper secondary mathematics. The many
efforts that have led to this improvement must continue to be supported. we

look forward to corresponding success with minority and handicapped
students;-

WORKING GROUP REPORT: ELEMENTARY AND MIDDLE SCHOOL MATHEMATICS

Arithmetic, and, more generally, quantitative thought and understanding
continue to become more important for more people, but the importance of
various aspects of arithmetic has changed and will continue to change as
computers and calculators become pervasive in society. The suggestions
below are designed to equip students better for life and effective func-
tioning in the developing age of technology. We believe implementation of
these suggestions into the K-8 curriculum will make students more adaptive
to future change, better equipped to use modern technology, better grounded
in the mathematical bases for other sciences, and better grounded for

further school mathematics.
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A principal ;.theme. K-8 mathematics should be the development of number
sense, inaludimg- the effective use and understanding of numbers.in applica-
t=szaa-,4,=11 ,-m-Ltnother matheMatical contexts.

changes me-propose are fairly substantial, but are primarily in emphasis
:,:her n dm_ coverall content. We believe they are consistent with, and
are nat -al ourgrowths of, recommendations relative to K-8 education of the
earlier valuable documents, Basic Mathematical Skills by NCSM and An Agenda
for Action by NCTM.

When implemented, the changes will be only modest at the K-3 level but more
significant at the 4-6 and 7-8 grade levels. They essentially replace
excess drill in formal paper-and-pencil computations with various procedures
to develop better number sense on the part of the student.

Here is a list of various special concerns:

1) Thorough understanding of and facility in one-digit number facts are
more important than ever.

2) The selective use by students of calculators and computers should be
encouraged, both to help develop concepts and to do many of the tedious
computations that previously had to be done using paper and pencil.

3) Informal mental arithmetic should be emphasized at all levels, first
aimed at exact answers and later at approximate ones. Such activity is
necessary if students are to be able to decide whether computer or calcu-
lator printouts or displays are reasonable and/or make sense. Informal
mental arithmetic involves finding easy, not formal algorithmic, ways of
looking at number relationships.

4) There should be heavy and continuing emphasis on estimation and approxi-
mation, not only in the formal round-off procedures, but in developing a
feel for numbers. Students need experience in estimating real world quan-
tities as well as in estimating numerical quantities which appear in compli-
cated form. Methods requiring explicit (right or wrong) answers should. be
used where possible to help develop estimating procedures. For example,
many exercises on comparing fractions with easy ones (e.g., 12/25 with 1/2,
and 103/299 with 1/3) can be used to get students to think of more compli-
cated fractions as close to, but less than (or more than) easy fractions.

5) There should be a heavy and continuing emphasis on problem-solving,
including the use of calculators or computers. Trial and error methods,
guessing and guestimating in solving word problems should be actively
encouraged at all levels to help students understand both the problems and
the use of numbers. Naturally,- examples and illustrations should be
appropriate to the students' age, interest,and experience.

6) Elementary data analysis, statistics, and probability should be intro-
duced, or expanded in use, including histograms, pie-charts, and ,scatter
diagrams. The understanding and use of data analysis is becoming a vital
component of modern life.. The collection and analysis of data should
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include personal data of meaning to students,(e.g., number of siblings,

students' ages,heights and weights), data culled from newspapers, almanacs,
and magazines, random data such as that produced by urn schemes and data
from experiments in other sc:iool subjects.

7) Place value, decimals, percent, and scientific notation become more

important. Intuitive understanding of the relative sizes of numbers that
arise in the everyday world of applications becomes even more vital.

8) More emphasis on the relationship of numbers to geometry including, for
example, number lines and plotting, should lead to better understanding of
the concepts of arithmetic and of geometry.

9) Understanding of fractions as numbers, comparison of fractions, and con-

versions to decimals should have more emphasis while drill on addition,
subtraction, and division of fractions with large denominators should have

less.

10) Drill on the arithmetic operations on three- (and larger) digit numbers
should be de-emphasized. Such computations can and should be done by calcu-

lators and computers.

11) Intuitive understanding and use of the mensuration formulas for standard
two- and three-dimensional figures should be emphasized. More stress on why

the formulas make sense is needed.

12) Function concepts including dynamic models of increasing or decreasing
phenomena should be taught. (For more details, see 4) in "Traditional

Secondary School Mathematics.")

13) The concepts of sets and some of the language of sets are naturally use-
ful in various mathematical settings and should be used where appropriate.
However, sets and set language are useful tools, not end goals, and it is
inappropriate to start every year's program with a chapter on sets.

14) Based on motivation from arithmetic, algebraic symbolism and techniques
should be encouraged, particularly in grades 7 and 8.

15) More extensive use of mathematics and computers in social science and

science courses should be actively:pursued. We encourage the consideration

of this matter by experts in-. these fields and welcome opportunities to

collaborate on further work in this area.

A discussion of possible computer programming or computer literacy courses

is left to other groups for further study.

Implementation Concerns

i) We hope the Commission will encourage widespread public discussion of

the implications for K-8 mathematics of the changing roles of arithmetic in

society. As an early step, we suggest discussions and conferences between
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teachers, supervisors, mathematics educators, mathematicians and editors of
textbook series concerning this report and others on the same general topic.
Such conferences could be quite inexpensive if most participants are local.

2) We hope the Commission will seek ways to encourage the development and
use of student texts and teacher training materials in the spirit of these
questions.

3) We hope the Commission 1411 seek ways to encourage change in standar-
dized tests toward number sense and away from single-operation computational
skills.

4) We hope the Commission will encourage school systems to reassign inter-
ested teachers at the 4-6 grade level to become specialists at teaching
mathematics and other disciplines. One mode might be a simple trade of clas-
ses between teachers with each teacher concentrating in areas of particular
interest and competence. The needed changes-in emphasis will be much easier
to effect if those actually teaching any. subject are selected for their
special interests and attitudes. -Special inservice training programs should
be developed for all such semi-specialized teachers, whatever their sub-
ject.

5) We hope the Commission will seek ways to improve the status of teachers
and the conditions under which teachers attempt to do the important and dif-
ficult job of educating future citizens.

6) We believe that the needed changes can be brought about somewhat gradu-
ally and with general support of those concerned. There already is discus-
sion in teacher-and-i-visor groups concerning many of the ideas put forth
here.

The proposed changes generally involve modifications in the way mathematics
is introduced and used in schools rather than adding new subject matter.
The changes should permeate texts and not just be add-ons that can be ig-
nored. There appears to be an approximate balance in time between topics
needing more emphasis and those needing less. With the exception of compu-
ter use and the possible exception of parts of data analysis, the topics
needing-added-emphasis- have-been-taughtand learned-in-Ameridan Schools at
various times and places in the past. The diminished role of -paper and pen-
cil computation is perhaps the topic which will_provoke most concern and
possible disagreement.

WORKING GROUP REPORT: TRADITIONAL SECONDARY SCHOOL MATHEMATICS

Current secondary school mathematics curricula are organized into separate
year-long courses covering algebra, geometry, and precalculus topics. There
are proposals that challenge this traditional division of school mathematics
and the position of calculus as the primary goal for able college-bound
students. Thus, the following analysis uses conventional course headings
for discussion of proposed changes in traditional topics, not as endorsement
of the statusCro.
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1) Overall Recommendation

The traditional component in the secondary curriculum can be streamlined,

leaving room for important new topics. However, since breakthroughs in

technology which allow this streamlining are so recent and the conceivable

implications so revolutionary,' it is not yet entirely clear what specific

changes are appropriate.

2) Algebra

The basic thrust in Algebra I and II has been to give students moderate

technical facility. When given a problem situation, they should recognize

what basic algebraic forms they have and know how to transform them into

other forms which might yield more information. In the future, students

(and adults) may not have to do much algebraic manipulation -- software like

mu-Math will do it for them -- but they will still need to recognize which

forms they have and which they want. They will also need to understand

something about why algebraic manipulation works, the logic behind it. In

the past, such recognition skills and conceptual understanding have been

learned as a by-product of manipulative drill, if learned at .all. The chal-

lenge now is to teach these skills and understanding even better while using

the power of machines to avoid large time allotments to tedious drill. Some

blocks of traditional drill can surely be curtailed, e.g., numerical calcu-

lations using look-up and interpolation from logarithm and trigonometry

tables.

3) Geometry

A primary goal of the traditional Euclidean geometry course is to develop

logical thinking abilities. But not every fact need be given a rigorous

proof to pursue-this goal. Nor need this be the only goal of geometry, nor

geometry the only means towards this goal.

We recommend that classes work through short sequences of rigorously-

developed material, playing down column proofs, which mathematicians do not

use. These proof sequences should be preceded by some study of logic it-

self. Important theoreins not proved can still be explained and given

plausibility arguments, and problems involving them can be assigned. The

time which becomes available because proofs are de-emphasized can be devoted

to study of algebraic methods in geometry, analytic geometry and vector

algebra, especially in three dimensions. Work in three dimensions is essen-

tial if one is to develop any pictorial sense of relations between many

variables, and handling many variables is essential if one is to model

phenomena realistically.

There is much room for using computers in geometry. The power of graphics

packages makes it much easier for students to get a visual sense of geome-

tric concepts and transformations. They need to.use algebraic descriptions

of geometric objects when writing graphics programs reinforces analytic geo-

metry. Finally, the algorithmic thinking needed to write programs bears

much resemblance to the thinking required to devise proofs.

t.
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4) Precalculus

What often happens in this course is that students see the same topics yet
another time, with more drill but with little new perspective. For betterstudents there may not be a need for a precalculus course if drill is no
longer so important and if algebra and geometry are done "right," with the
concepts made clear. For instance, one justification for the precalculus
course is the perceived need to develop the idea of functions; functionsappear in Algebra I and earlier, but current teaching may give too static anunderstanding. With computers, the concept of function can be made centralearlier and more clearly. The computer supports qualitative analysis of thegraphs of functions, in a dynamic mode of display, and also allows detailed
analysis of zeros, rates of chanye, maxima/minima, etc.

5) Algorithmics

Computers and programming have made the creative human talents and skills
involved in developing and analyzing algorithms extremely important. Thesetalents and skills, emphasized by the group on nontraditional topics, can be
exercised quite naturally through traditional topics as well. Much of high
school algebra consists of systematic methods for handling certain problems,e.g., factoring polynomials. Such methods are algorithms. Instead ofmaking the student carry out such methods with paper and pencil a boring
number of times, have the student do it just a few times and then program a
computer to do it. The understanding gained should be at least as great,

6) The Average Student

For the many students in secondary school who are not specially talented inmathematics and not headed for careers in science or technology, current
programs are a source of discouragement, anxiety and repetition in a dull
"basic skills" program which serves them poorly. We cannot ignore the needs
of this large and important group. Computers, as mathematical tools andmedia of instruction, offer a fresh window into mithematics.for them.

7) Cautions

a
We have suggested that technology provides an opportunity to devote lesstime to traditional techniques 6 while boosting undelztanding and allowingmore time for more complex, realistic problem-solving. However, there are
several cautions. First there are widespread and deep reservations about
how much traditional goals shou?..d give way to technology. Second, there is
little research data on the feasibility of such changes, and there are
almost no prototype school curricula emb 'ng the new priorities. Experi-mental programs, and research on the resu .s, must be given major support.
Third, changes in secondary programs must be carefully articulated with the
expectations of colleges and employers, who often have conservative views
about curricula. Finally, the syllabi of an extensive range standardizedtests play a very influential role in setting curricula and the 'actual
classroom emphases of teachers. If curricula are to change, the tests mustbe changed. Clearly, strong national leadership and cooperation are
necessary, from teachers, mathematicians and public policy-makers, to meet
these challenges and implement significant change.



WORKING GROUP REPORT: NO TRADITIONAL SECONDARY SCHOOL MATHEMATICS

On two basic principles the panel was unanimous:

- There is need for substantial change in both the subject matter of and

the approach to teaching in secondary school mathematics.

- If changes are to be made in secondary school mathematics, we must make
haste slowly, taking care at all times to insure full consultation with
and support from the secondary school mathematics teaching community.

Our specific recommendations are grouped ,under five headings: Subject
Matter, Approach to Teaching, The Use of New Technology, Teacher Training
and Implementation.

1) Subject Matter

Careful study is needed of what is and what is not fundamental in the

current curriculum. Our belief is that a number of topics should be intro-
duced into the secondary school curriculum and that all of these are more
important than, say, what is now taught in trigonometry beyond the defini-
tion of the trigonometric functions themselves. These topics include
discrete mathematics (e.g., basic combinatorics, graph theory and discrete
probability), elementary statistics (e.g., data analysis, interpretation of
tables, graphs, surveys, sampling) and computer science (e.g., programming,
introduction to algorithms, iteration).

2) Approach to Subject Matter

The development of computer science as well as computer technology suggests
new approaches to the teaching of all mathematics in which emphasis should

be on:

- algorithmic thinking as an essential part of problem-solving

- student data gathering and investigation of mathematical Ideas in order
to facilitate learning mathematics by discovery.

3) Technology

New computer technology allows not only the introduction of pertinent new
material into the curriculum and new ways to teach traditional mathematics
but it also casts doubt on the importance of some of the traditional curri-
cula, just as the hand calculator casts similar doubts about instruction in
arithmetic. Particularly noteworthy in this context at the secondary level

are:

- Symbolic manipulation systems which even now, but certainly far more in
the near future, will allow students to do symbolic algebra (and calcu
lus) at a far more sophisticated level than they can be expected to do

with pencil and paper.
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- Computer graphics and the coming videodisc systems which will enable
the presentation and manipulation of geometric and numerical objects in
ways which should be usable to enhance the presentation of much
secondary school mathematical material.

One caveat which we would stress is that this technology and related sof t-
ware packages must be used not to enable students to avoid understanding of
the essential mathematics but rather to enhance such understanding and to
allow creative experimentation and discovery by' students as well as to
reduce the need for tedious computation and manipulation.

4) Teacher Training

There are two aspects of this:

a) Retraining of current teachers in the new topics, approaches and tech-
nology. One pOssible new approach to this might be the use of college
students to aid and instruct secondary school personnel as part-time
employees and perhaps through such incentives as forgiveness of student
loans.

b) Education of new teachers

Crucial to long-term solution of the secondary school mathematics
education problem is that the requirements for degrees in mathematics
education be, as necessary, changed to incorporate modern content and
approaches. In particular, we believe that all prospective teachers of
secondary school mathematics should be required to take at least:

- one year of discrete mathematics in addition to traditional calculus
requirements

- one semester or one. year of statistics (with focus on statistical
methods rather than mathematical statistics)

- one year of computer science.

5) Implementation

We recognize that the kinds of changes proposed here not only require much
more study than has been possible by our panel but that also they will never
be implemented unless there is dedicated cooperation among:

- secondary school teachers of mathematics and their professional organi-
zations

- college curriculum people in schools of education and in mathematica_l
departments and including their organizations

- state and local education authorities and their organizations.
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A conference at an early date bringing together these groups to discuss the
relevant problems and plan future action might be the most fruitful next
step to provide some momentum for the changes we believe are necessary.

WORKING GROUP REPORT: THE ROLE OF TECHNOLOGY

Computers and related electronic technology are now fundamental features of
all learning and working environments. Students should be exposed to and
utilize this technology in all aspects of school experience where these
devices can play a significant role.

We recommend:

1) The potential of technology for enhancing the teaching of mathematics
and many other subjects is vast. Development of such resources should be
supported at a national level. Specific examples include computer- generated
graphics, simulations, and video-disc courseware materials. There should be
efforts to create a network providing easy access to such banks of material.

2) While computing technology offers promise to enhance learning, differ-
ential access to the benefits of that technology could widen the gaps in
educational opportunity which already separate groups in our society. It is
imperative that every effort be made to provide access to computers and
their educational potential for all sectors of society.

3) As a general principle, each mathematics classroom should have available
computers and other related electronic technological devices to facilitate
the computing and instruction required for mathematics learning and compe-
tency. Such availability of computers and other electronic technological'
devices in the mathematics classroom is as important as the availability of
laboratory equipment for science instruction.

4) Hand calculators should be available in mathematics classrooms '(both in
elementary and secondary schools) for students on the same basis-that text-
books are now provided.

5) Support should be given for broad developments in software that may be
useful in the schools. School districts should encourage their teachers and
students to engage in cooperative development activities and to find ways to
recognize and disseminate the products of those efforts.

6) Computer literacy involves not only the use of computers to accomplish a
great spectrum of tasks but also a general understanding of the capabiies
and limitation of computers and their significance for the structure 4 our
society. Development and implementation of appropriate programs ta. tFtlikch

these more general concepts should be supported.

7) Possible structural changes emanating from technological changes will
require careful study and deliberations over a long peri6d of time. This
activity must be encouraged and supported from a national level. The ex-
ploratory projects bring together teachers, curriculum developers, mathema-
ticians, and affected interested parties from business and industry. The

t <
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new programs developed Should be tested extensively in a variety of settings
insure that they work with real students and schools_ before extensive

implementation is attempted.

8) The interplay between word-processing, computers, data bases, and data
analysis methods assist in breaking.down barriers between disciplines thus
offering an opportunity for schools to provide .a range of holistic problem-
solving experiences not typical in school today. Using the technology as an
aid, students can plan and conduct data collection, analysis, and report
writing that is realistic, attractive, and far beyond normal expectations in
today's schools.

9). The need for well-trained, highly qualified teachers of mathematics is' a
must in a technological society. Support should be given to organizing
prograMs for inservice training and retraining of current teachers of
mathematics (elementary P.nd secondary) who are inadequately prepared to
teach a technologically-oriented curriculum: but have the capacity to profit
from such programs to strengthen their mathematical preparation and teaching'
skills.

10) While technology provides opportunity, it also makes demands. The world
becomes a more complex place in which to live. If we are to insure that a
broad spectrum of society can function and participate actively in the
business/industrial community and decision-making of the country, it is
imperative that students become adept in the precise, systematic, logical
thinking that mathematics requires.

WORKING GROUP REPORT: RELATIONS PO OTHER DISCIPLINES

As this group has considered the effect of (computational) technology on the
mathematics curriculum and the need to revise this curriculum in the light
of this expanding technology, it is also necessary to consider the effect of
this technology and the proposed curriculum changes on "other disciplines."
We have interpreted the phrase "other disciplines" rather broadly.

First, using a narrow view, and thinking in terms of "academic disciplines ",
we must look at the effects these curriculum changes will have on science
education. There has always been a necessary interaction between the
science and mathematics curricula. In the case of the high schools where
the disciplines tend to be separated and segregated, there has always been a
necessary coordination of syllabi and curricula, particularly with the
educationa programs in the physical sciivnces. At a minimum, this revised
curriculum, which encourages a good of of estimation, provid an
opportunity for elementary and high sHi et.Ocation to be more rem f, 8144.-

tand eliminate the use of specialized problem b with "easy numbers." If t4
raise our sights a bit, this approach to the mathematics curriculum provides
an opportunity for a better coordinated and integrated total science educa-
tion. Furthermore, the introduction Of statistical ideas, data handling

1
.

procedures, and discrete mathematics provide an opportunity for a more
mathematical discussion of social sciences programs at the elementary and
high school levels. Similarly, changes in currently available tools will
undoubtedly affect courses in "business" and commercial programs.

pi)
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Related questions arise on the other side. What do the school programs and
the college programs in natural sciences, social sciences, and business
expect or desire in the mathematical preparation of entering students? we
believe the suggested curriculum can only be an improvement, but discussion
with leaders of those disciplines are required.

Taking the broad view, we also believe that this modified curriculum, which
provides students with the same (or greater) ability to use mathematics as
well as an ability to use and appreciate the technology, will provide for a
wiser citizenry. The graduates of such a program should be better equipped
to deal with "poll results" and statistical data references to the economy
and sociological problems.

We believe there is one serious area in which the nation needs more data for
the development of an appropriate mathematics curriculum. Namely, what are
the needs, in terms of mathematical skills, of the students wh.c seek. te.chni-
cal vocational employment without going on to further schooling? What ary
the needs of students going on to technical or vocational schools? Never-
theless, we believe the new curriculum will do at least as good a job as the
existing one. A conference or meeting to explore this area would be an
cellent idea and complement our work.

WORKING GROUP REPORT: TEACHER SUPPLY, EDUCATION AND RE-EDUCATION

Efforts to improve and up-date the mathematics curriculum and to increase
the mathematics, science, and technology literacy of all citizens require
the support of qualified mathematics teachers at all levels. At present
there is a serious and well-documented shortage of teachers of mathematics
at the elementary and secondary school levels in many areas of the country.
Economic, employment, and social conditions forecast that the current short
supply may indeed be a long-term problem. Furthermore, even in geographic
locations where adequate supplies exist the frequent turnover of mathematics
teachers tends to impede learning.

The following recommendations address the need to increase the supply of
mathematics teachers as well as improve the quality of the teaching and
thereby the learning of mathematics:

1) While state and local efforts by
deal with .the teacher shortage are

magnitude of the problem is national
commitment with federal leadership and
The public should be made aware of

publicity.

industry, business, and academia to
laudable, and should continue, the
in scope. An articulated national
support is needed for its resolution.
the problem through more effective

2) Incentives of all types .need to be studied to attract and retain quali-
fied teachers of mathematics. Financial incentives should be given special
attention with priority assigned to those which do not create undue inequi-

,

ties and tensions among colleagues in order to avoid being counter-produc-

tive. Examples of following incentives and support systems include the fol-

lowing:
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a) Forgiveness on student loans or interest on loans for those who
enter the teaching field

b) Higher entry level salaries for those with special expertise (e.g.,
computer training)

c) Reduced teaching loads to allow mathematics teachers to pursue
graduate studies or other advanced training in mathematical sciences
and applied areas

d) Financial support for graduate study or other advanced training in
mathematical sciences and applied areas

e) Salary differentials by discipline
f) Summer positions and other cooperative arrangements with business

and industry to supplement a teachers income (with the obvious
caveat that the short supply of teachers is largely due to the fact
that higher industrial salaries lure teachers away; industry would
have to be discouraged from using this arrangement for recruitment
purposes).

3) In an era when content and technology are changing so rapidly incentives
are needed to keep qualified teachers in the field abreast of current trends
in the mathematical sciences. Inserice workshops, NSF-type institutes,
retraining courses, industrial experiences, and other forms of continuing
education can serve to refresh the faculty and renew their commitment to
teaching.

4) In some parts of the country, teachers from other disciplines are being
assigned to teach mathematics classes. These teachers need special subject
matter training and assistance in developing appropriate teaching strategies
in order to succeed in their new assignments.

5) Encouraging colleges and universities to loan their faculty and business
and industry to loan their mathematically-oriented employees to teach
courses in the secondary schools could be mutually beneficial. Qualified
retirees or near retirees might also be recruited to enter the teaching
field. Exposing college and university teachers to the high school
experience might be enlightening and beneficial for them. (Of course, the
issues of appropriate teacher training and certification need to be
addressed.)

6) In states where this is not the norm, it is recammended that teacher
certification requirements be stated in terms of specific topics to be
covered in the subject area rather than in terms of just total number of
credits.

7) Recommendations regarding the mathematical fundamentals to be covered in
educating qualified. teachers of mathematics include:

a) Elementary level

It L. strongly suggested that mathematics at the elementary school level
be taught by teachers who specia:14.ze in matholatics. Whether the teach-
er specializing in mathematics should be ab6igned to all grades or just
to grades 4-6 (or 4-8) requires further study. An alternative approach
would be to identify those teachers in a given :school who most
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enjoy teaching mathematics. Those teachers could be assigned to teach
all mathematics courses across a grade level, while other teachers do
similarly in reading and writing.

The following recommendations pertain to both the regular elementary
school teacher and the teacher specializing in mathematics:

For entry into the mathematics education program for elementary school
teachers, at least three years of college-track mathematics in high
school are recommended. College mathematics courses should provide a
sufficient background to understand the relationships between algebra
and geometry, functions, elementary probability and statistics,
instruction in the use of a hand-held calculator, and some exposure to
computers. Creative approaches to problem-solving should also be
included in the curriculum. Training should be at least a level above
what is being taught. This background is particularly important in
light of children's awareness of the world around them through
television, other media, computers, and so on.

b) Secondary level

Secondary school mathematics teachers should have course work in
mathematics equivalent to a major in mathematics. Requirements for
those who will teach mathematics should include the equivalent of a

two-year calculus and linear algebra sequence, discrete mathematics,
probability and statistics, and appropriate computer training. These
courses should develop.in the student a sense of "mathematical maturity"
in the approach to problem-solving.

Note: College and university curricula for educating mathematics teachers
should be re-examined and revised in accordance with the above guidelines
and goals. Contingency plans should be developed in case separate
departments of mathematics and computer science are established at, the
secondary level in the future.

III. Conclusion

The recommendations cited here require careful planning and implementation.
With high technology a mainstay of our present and future society, it is im-
perative that we recognize. and promote mathematics as a powerful, useful,
and enjoyable component of our lives.

,
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INSTRUCTION 'FOR DEVELOPMENT OF UNDERSTANDING

Jim Minstrell
Science and Mathematics
Mercer Island High School

Mercer Island, Washington 98040

PREFACE

Although there are many important aspects of instruction which might have been
included in this paper, I have chosen to focus on Instruction for the Develop-
ment of Understanding. In my opinion, when students understand ideas, they
are more literate about scientific language and ideas; they are better able to
solve problems which involve scientific ideas; they are better able to reason
about the natural world; they are more likely to value the scientific ways of
knowing; they are more comfortable about the world around them. Whatever our
reasons for studying science, I believe they are enhanced by a better under-
standing of the ideas of science and of the processes by which, those ideas are
developed.

Existence of Initial Conceptions

Research suggests that students enter science classes with their own ideas
about the world. 1,2,3,4/ Often they are unable to articulate their mental
framework, but when confronted with a situation, they will make, with consi-
derable conviction, a prediction of what will happen in the situation. One
might think that these are unreasoned guesses, yet responses made by introduc-
tory physics students bear a similarity in terms of both the predictions
themselves and the reasoning used to support these predictions. Large propor-
tions of entering physics students believe, for example, that stationary,
rigid objects do not exert forces; that a constant unbalanced force is requir-
ed to keep an object moving with a constant velocity; that components of mo-
tion in two direbtions (e.g., vertical and horizontal) are not independent;
that heavier objects fall faster; that images are located on the surfaces of
mirrors; that the temperature of ice is always 32°F; that the earth's shadow
causes the crescent phase of the moon; and that air pressure causes gravity.
All of these views have some basis in prior experience. I refer to these ini
tial conceptions as "alternative conceptions," because they are alternative to
the current view of science.

Many alternative conceptions not only appear as students make predidtions
about what will happen in a particular situation, they also are revealed when
students describe representations of the natural world. A careful analysis of
errors made in interpreting graphs has revealed that some students confuse the
line on a position versus time line graph with the actual path of travel. A
graph which is concave downward, for example, is not interpreted as repre-
senting slowing down or a possible change in direction but rather a veering to
the right along a.curved path. Many students interpret the intersection of
two velocity vs time graphs to mean that the two objects have the same
position.1/
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These alternative conceptions have significance for how we use representa-
tives in science classes.

Alternative conceptions exist before students enter the science classroom
and some develop early in the instruction. Students may begin'to organize a
new set of phenomena through analogical reasoning. Often the analog which
they have selected does not adequately represent the entire set of pheno-
mena. Fbr example, after manipulating and observing several combinations of
bulbs in series and'in parallel circuits, students may conclude that what
they have seen can be represented by water flowing through pipes with
sprinklers taking the role of the bulbs. While there is some similarity
between the flow of electricity and the flow of water, this common analog is
inadequate. It is an alternative to the present understanding of resistance
and flow in a circuit.

The existence of these alternative conceptions has direct implications for
our instruction. Much of the present instructional materials and techniques
reflect the assumption that students enter science classes with minds like
blank slates. We have often begun to cover these slates with new ideas with-
out acknowledging that there are alternative conceptions already upon them.
Philosophers from the past (Socrates, Galileo, Dewey, and Piaget among them)
have advocated that teachers begin with students' present understandings and
guide development from there. This is my position also. This paper
presents a style of instruction aimed at the development of understanding
which acknowledges the existence of initial alternative conceptions.

Engagement of Initial Conceptions

If the instruction is to take into consideration the initial conceptions
which the students have, one must begin by drawing- these ideas from the
students. One specific way to learn about students' conceptions is to pre-
sent the students with a situation which has been known from past classroom
experience to elicit a variety of responses. Describe the situation and ask
them for their predictions and how they arrived at those predictions.

For example, in the context of gravity, I ask my students, "If a wooden ball
and a metal ball (same size but about five times as heavy) are dropped from
the same height, which will reach the floor sooner? How will the times of
fall compare?" I find that about one quarter of my students respond with the
prediction that the heavier ball will take less time; many say it will take
about one-fifth of the time of the wooden ball, an answer consistent with
that of Aristotle. After making this prediction, these students are
generally surprised when they observe the two. balls falling together and
making one sound when they hit the floor. When the students consider their
own ideas in the light of this concrete evidence, they are likely to recon-
sider their initial thinking and search for a moreconsistent conception.

Another technique is to ask students to explain an Observation they've made.
For example, "You've seen a crescent shaped moon. What causes the dark,
part of thiSphase of the moon?" The response of nearly half of my students
is that the earth causes the shadow on the face of the moon and that It
occurs when the moon and eun are on opposite sides of the earth (a situation
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the scientist calls an eclipse).

At times the experience of participating in a show of hands will require
students to make a commitment to one point of view or another and, as a
result, heighten the students' readiness for conceptual change. For exam-
ple, prior to a demonstration discussion of forceson static objecti, I have
asked students to consider a book on a table. ask how many believe the
table exerts an upward force and how many believe the table does not
Approximately 50% of the students "voted" for each alternative. On this
issue, there were bright, articulate students on both sides and the stage
was set for a lively 5/

All of these techniques have a common goal, to encourage students to verba-
lize their initial understanding and to have them record the understanding
in writing or publicly so they have made some commitment to it. Making this
commitment involves them immediately in the learning process. It engages
their thought structure. Their alternative conceptions have served them
well; they have allowed them to make predictions or explanations. It re-
quires a convincing, concrete experience which conflicts with their concep-
tions before the initial thinking will be modified or replaced. Without
raising the initial conception to an awareness or commitment level, it is
possible for students to fail to recognize the conflict between new evidence
and their primitive understandings. Unless students' present understandings
are explored, new experiences can be learned context in which they are pre-
sented, but students may rely on their old framework when presented with a
related situation in a different context.

Direct, First-hand Experience

In the development of understanding, it is particularly important to have
early observational experiences relate to the initial conceptions which have
been articulated by students. This provides students with an opportunity to
determine whether their initial ideas (recently raised to awareness) are
adequate and consistent in terms of explaining the new phenomena. Students'
interest is already heightened when there is a lack of consensus in the
class. They are ready to explore and resolve their conflicting positions.
In the case of the gravity example, I drop objects- of different materials,
shapes, sizes, colors CO, etc., and observe the results. For the crescent
moon, I ask students to record their observations the next time they see a
crescent phase, also observe and record the location of the sun. Hypothe-
sizing the existence of an upward force exerted by the table seems more rea-
sonable after experiences of hands and springs supporting books and after
observing the sagging of a table under a heavy weight.

The sequencing of activities can have a profound effect. Earlier experi-
ences which relate to initial conceptions should be as concrete and diregtly
related to observations as possible. More abstract experiences should come
later. This may sound like familiar advice, but in some cases it can mean
breaking with the traditional order of 'curriculum. For example, most phy-
sics instruction dealing with forces on moving objects begins with an object
moving at a constant velocity (applying Newton's First Law) and proceeds to
the accelerating case (Newton's Second Law). The development of my



students' understanding has been enhanced by reversing the order. Using a
spring scale and a cart, students can record data related to the motion of the
cart, and readily experience that a constant unbalanced force produces con-
stant acceleration. They are then ready for a logical argument (constant
velocity can't be explained by a constant unbalanced force, an increasing un-
balanced force, or a decreasing unbalanced force, therefore...) to show that a
constant velocity can be explained by requiring no unbalanced force. It is my
experience that students are prepared to accept and understand that there can
be constant velocity without an unbalanced force once they have experienced
the effect of a constant unbalanced force on an object; the abstract following
the concrete experience .W

Interaction Between Experience and Alternative Conception

When students realize that evidence from their experience is in conflict
with their existing ideas, they often are ready for the development of a new
understanding. They are more willing to reconsider their alternative ideas
and perhaps alter them or reject them'in favor of an idea more consistent
with the experience.

In some cases, the phenomena of the first-hand experiences are themselves corn-_:.
pelling enough to suggest a need for resolution of differences. For example,
if the students' initial idea is that heavy objects fall in times inversely
proportional to their weight, when they experience objects falling together,
they recognize the discrepancy with their prediction and are ready to use some
help resolving the conflict.

In other cases, the students need to have the discrepancy between their
ideas and their experience pointed out to them. Consider those students who
believe the earth's shadow caused the dark part of the crescent phase of the

moon. Many of them went on to make and record elaborate observations of the
moon and sun positions at various times for a month or two. It wasn't until
I pointed out to them that they had recorded observations of the crescent
moon during the midday while the sun was also high in the sky that they per-
ceived a discrepancy between their explanation and their observations. "How

could the earth cast that shadow when the sun and moon are clearly not on op-
posite sides of the earth?" They knew their original ideas, and they knew the
observations they had made, but without the encouragement to note the discre-
pancy, they may never have paid attention to it. Now, however, they were
ready to attempt to come up with an explanation for the crescent moon that
would explain the observations.

I might note that while many people require a forced interaction like the pre-
ceeding, others recognize the discrepancy more readily. It is as though they
carry their conceptions at a higher awareness level.

Perhaps the most difficult pre-conceptions to affect are those which cannot
be shown "wrong" merely by noting discrepancy between observations and ini-

tial conception. The concept of force is such an example. With the book on
the table, there is no way to "see" the table exert an upward force. With

these sorts of abstract conceptions, the encouragement of rational thought
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about a variety of first-hand experiences is
portant. Poi example, it was only after the
upward to support a book on the outstretched
in all the static object cases was the same,
was at rest, then the students began seeking
same outcome for various situations. "If my
support the book, I guess the table must do
give the same result."1/

necessary and particularly im-
muscular experience of pushing
hand and noting tMe the effect
i.e., in each case the object

a consistent way to explain the
hand exerts an upward force to
so as well, because they both

Another difficult teaching situation is yhen concrete observations can be
made to challenge the initial conception, but the procedure in the experi-
ence is quite elaborate. The students need careful guidance so that they
are clear about the purpose and conclusion of the experiment. They may need
to review proportional reasoning so that they understand the meaning of the
data they have, obtained. When the experience is completed, and the data
analyzed, there needs to be an opportunity to consider whether the results
were consistent with their ideas before the experiment, and if not, how
might they begin. to resolve any discrepancies.

There are various ways to encourage students to evaluate the results of an
experience in light of their beginning conceptions. A discussion with
fellow students, a presentation by the teacher, or reading from a text can
help tie together their learnings. I prefer class discussions because they
actively engage students in the resolution process. Once a consensus is
reached, the process is still not complete. The new idea needs to be tested
to ensure that it does account for all of the observations which have been
made. Students need to conclude for themselves that the new idea can ac-
count for their earlier_experiences as well as 'the latest classroom experi-
ence, that it is worthy of replacing their initial conception.

Building a Conceptual Network

Even the invention of a new conceptual idea to account for an experience
will not necessarily generate a permanent change in understanding. Two
other instructional strategies can help. First, it appears that lasting
change involves change in a network of related concepts. For example, in an
activity that focused on the arrangement of forces that would keep an object
stationary, my instructional goal wasto have the students conclude that for
each force in one direction, there was a force in the other direction to
balance it (i.e., the vector sum of the forces would be zero). In the con-
text of a book at rest on the table, it was necessary to discuss the nature
of force and more specifically how each force could be caused. Ideas that
the students wanted to discuss included the nature of gravity, air pressure,
friction, the nature of rigid bodies, animate versus inanimate objects, and
active versus passive actions.

After a lenghty discussion involving all of these ideas, most students were
prepared to believe that the table exerted an upward fOrce equal in magni-
tude to that of gravity.2/ Those who were not quite ready to believe
this, at least were willing to consider balanced forces as a tentative way
of explaining the "at rest" condition of an object. A willingness to adopt
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the idea of a table exerting force seemed to depend on small changes in under-

standing of several other concepts as well.

A second factor which enhances lasting conceptual change is the extension of

a concept into other contexts in subsequent lessons or units. For example,

in the context of circular motion, it appears useful to revisit some of the

arguments used in generating the idea of inertia. "When an object is travel-

ling in circular motion at a constant speed, is it necessary to have a

'forward' force? a force away from the center of the circle? a force toward

the center of the circle? Under the influence of each of these forces, what

would be the resulting motion?" Earlier while developing ideas about forces

on moving objects, our introductory physics students could understand, and

even suggested the logical conclusion, that no unbalanced force is necessary

to-keep an object moving with a constant velocity. They could even use it in

most other situations involving straight line motion, but the power and long

term understanding was enhanced by repeatedly facing new situations, new con-

texts, having to explain them, and coming to one's own realization that no

forward, unbalanced iJrce was necessary to explain circular motion, projectile

motion, or constant velocity against resistive forces, etc. Our results show

that when ideas and arguments developed by the class during early discussions

are used to help develop other ideas in subsequent units, then those ideas and

arguments take on more lasting meaning.

POS'StRIPT

In preparation for this conference, I was asked to characterize ideal

science instruction from my point of view. Realizing that I could not cover

every attribute science instruction, I chose to concentrate on describing

instruction which will promote the development of understanding of ideas.

By acknowledging the existence of alternative conceptions, by identifying

and engaging students' initial ideas, by giving them first-hand concrete ex-

periences to challenge or reinforce their understanding, by comparing their

beginning ideas with their recent observations, and by extending new ideas

into a 'network of other developing ideas and other contexts, then we can

help students learn and retain the ideas and processes for developing ideas

in science. If we can change students' understanding to a level more con-

sistent with the phenomena of the natural world, then we have achieved a

major goal of any science class.
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READING RESEARCH AND READING PRACTICE

Richard C. Anderson
Center for the Study of Reading

University of Illinois
Champaign, Illinois 61820

There will be three parts to this paper. First, I will summarize major

ideas about the process of reading that have emerged from research.

Second, I will discuss problems with education that undermine the quality
of the reading instruction that children in this nation receive. Finally,

and more briefly since this was not my specific charge, I will comment on
how computer technology might be used to capitalize on what we have learned
is fundamental in the reading process and to ameliorate the problems in
current school reading programs.

Nature of the Reading Process

I suppose that there is one point upon which the lay public, the

professional educator, and the cognitive scientist are in complete

agreement, namely that reading is--or ought to be--a generalizable or

transferable skill. Where the public's view falls down is in the

assumption that what gives reading skill its generalizability is

understanding of letter-sound correspondences. From this assumption comes
the conviction that the major emphasis in reading research ought to be to
see how phonics works and the major emphasis in reading instruction ought to

be on getting phonics across to our youngsters.

Please be clear that the public is not entirely wrong about phonics;
Research leaves no doubt that good. readers have a facile understanding of
the relationships between print, sounds, and meanings whereas lack of

understanding of these relationships is a most notable shortcoming of most
poor readers (see Perfetti & Lesgold, 1977). The preponderance of evidence
from instructional research favors direct instruction in phonics as a part

of the beginning reading program (see Pflaum, Walberg, Karegiances, and

Rasher, 1980; Williams, 1982).

The problem with the preoccupation that some segments of the public have

with phonics is that the view is too limited. In the words of S. J.

Samuels, 1982, p. 17, the development of automatic decoding is but a

single factor among many factors which influence comprehension and cannot
carry the entire burden and responsibility for ensuring skilled reading.
Accuracy and speed of decoding are necessary but not sufficient conditions

for good comprehension." Beyond decoding there are at least three other
requirements for a high level of reading comprehension.

The first is that the reader possess the organized knowledge, or schema,

presupposed by the text. Consider, for instance, a chapter from an

elementary school geography textbook. It is very likely to simply

presuppose the knowledge that a country is a political subdivision, that

countries have different kinds of governments, that countries have
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locations on the surface of the earth that can be characterized in various
ways, that countries have climates and economies, that climates and econo-
mies interact, that countries have histories and cultures, and so on. A deep
knowledge of any of the concepts that are part of geography would in turn
entail a large infrastructure of supporting knowledge.

So, young readers who are able to translate correctly the printed symbols on
the pages of a geography textbook still will not be able to understand the
material unless they possess the prerequisite knowledge. Evidence has
accumulated that the schema embodying what a person knows about a topic is
one of the principal determiners of how much he or she will comprehend or
learn from new material on this topic (Adams & Bruce, 1980; Anderson,
1983).

Questions about how schemas are organized and the specific manner in which
schemas facilitate reading are currently receiving active attention from
researchers in several disciplines. For example, there is a growing body
of research on the structured knowledge required to understand simple
stories of the sort found in basal readers. Formal representations ot
"story schemes" have been proposed, subjected to empirical test, criti-
cized, and refined (see Stein & Trabasso, 1983).

Schema theory has strong implications for reading and reading instruction.
The most general one is that it is a mistake to make narrowly linguistic
assumptions about reading. Any knowledge a child might acquire could
eventually that child understand some text or other. A curriculum
empty of anything but drill on words and grammar is likely to produce empty,
noncomprehending readers.

Schema theory also has a number of specific implications for curriculum and
instructions. Young children and less able children of every age
frequently do not possess ths knowledge presupposed by authors of texts
they are expected to read. More newsworthy, even when they do possess the
needed knowledge, they often do not activate it and bring it to bear; that
is, they tend not to reason about texts in the light of what they already
know (Owings, Petersen, Bransford, Morris & Stein, 1980).

Instructional research has demonstrated that there are straightforward pro-
cedures that will help young and less able children use what they know while
reading. For instance, children who get a regimen of discussion relating
what they know to an upcoming reading selection schema activating discus-
sions, ,if you will--show general benefits in reading new texts (Hansen,
1982).

My second major theme is that proficient reading requires command of strate-
gies, tactics, and procedures. Of course, procedures are part of knowledge
in every domain and such prOcedural knowledge may be required for reading
comprehension. For instance, knowing how to take blood pressure may be
required for an understanding of a medical text and knowing how to execute a
squeeze play may be required lc: do understanding of a baseball story.

Of general importance for reading is a class of mental procedures for which



the term metacognition has been coined. "Metacognition" means knowledge

about how one's mind works. A substantial body of evidence indicates that

insight into the workings of the mind, how to use the mind efficiently when

reading, and what to do when the mind fails to work well are critical to

skilled reading. It is well-known that many children who do not have prob-

lems with primary school narratives, experience breakdowns later when they

must try to learn from science and social studies textbooks. A closer look

indicates that one reason for this is that such children do not understand

that reading entails management of their own cognitive resources. They are

not planful; they do riot get 7:lear on the goals for reading; they do not

monitor progress in reaching these goals; they do not engage in mental re-

view to assay whether information they are supposed to be getting is still

held in memory (Brown, Bransford. Ferrara, Campione, 1983).

Instructional research indicates that direct instruction in metacognitive

strategies can lead to generalized improvement in reading comprehension.

Notably, Palincsar (1983) has developed a technique called "reciprocal

teaching," an important part of which is having a teacher and children al-

ternate roles in asking and answering good questions about sections of text.

Apparently, the children learn to think about what the important queStions

are as :they read and to monitor their comprehension in terms of whether they

are able to answer these questions. Reciprocal teaching has produced ex-

cellent results with middle school students whose word identification skills

are satisfactory but who lag a couple of years behind their agemates in

reading comprehension. Especially significant is the fact that the children

show improved performance in science and social studies class when the

special teacher and environment are not present.

The third big theme that has been supported by recent research is that good

readers are fluent readers. The theory to explain why fluency is important

is that when a process has been very well-learned it becomes automatic and

can be done with little or no attention. People's attention .capacity is

limited. Thus, the more automatic each process in reading the better; the

attention saved on one process can be invested in another. The hypothesis

is, for instance, that a child who is fast and accurate at word identifica-

tion will have more capacity available to reason about the flow of argument

in a text whereas the child who is laboriously sounding out words letter by

letter and syllable by syllable--even when the words eventually are identi-

fied correctly- -will have little capacity left to deal with the text's

meaning.

Research on automaticity has dealt with the lowest-level processes in read-

ing, identifying words and bringing to mind their meanings; however, it is a

plausible conjecture that the principle applies to higher level processes in

reading as well (Samuels, 1982).

In summary, research of the last decade wzggests that for a high levelof

reading comprehension, the reader must have a schema that can serve as the

framework for understanding and assimilating the information in the text,

must have metacognitjve --Itrategies for managing the proceqses that give

birth to understanding ,

earning, and must have mastered component pro-
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birth to understanding and learning, and must have mastered component pro-cesses to a high level of automaticity so that attention bottlenecks do notcause comprehension breakdowns.

Status of School Reading Programs

I will discuss four problems that give cause for alarm about the quality ofschool reading programs. The first is the precipitous declin over thelast decade in the talent of teachers.

At the University of Illinois a decade ago the students choosing educationas a major ranked just behind the students electing engineering in terms ofhigh school lrades and college entrance examinations. In recent years the
average for :Jtudents electing education has not been far above the minimum
that the'University of Illinois will accept. The experience at Illinois ismirrored at every education department in the country.

And the story Tats worse. A recent article by Kerr (L983) summarizes evi-dence indicating that talented people continue to leave teaching at everystage: Among undergraduates who initially elect an education curri.culum,those who remain are less able than those who switch majors. Among gradua-tes who get a teaching certificate, those who search for a teaching job areless able than those who do not. Among those who are interviewed for teach-ing positions, candidates who get jobs are less able than candidates who donot. (Whether this happens because of further self-selection on the part ofthe candidates, or ineptness on the part of school administrators, no oneseems to know.) Among candidates who get teaching jobs, those who remain inteaching for five years are less able than those who leave for careers inother fields.

The reasons for the declining talent of teachers are not hard to find.There haven't been jobs available because the downswing in the populationcycle has meant a period of falling school enrollments. Teachers' salarieshave declined relative to other professions during the past decade. Thefeminist movement is clearly a factor. The talent of men entering theteaching profession has remained approximately constant over the last tenyears, whereas there has been a sharp drop in the talent of women. Many ofthe bright, highly-motiVated women who used to enter teaching are nowgetting MBAs, law degrees, engineering degrees, medical degrees--and whyshouldn't they? But the fact poses a problem for education.

A second major problem is the quality of school reading materials. Byschool reading materials I mean (1) basal readers--the graded anthologies
especially prepared for use in teaching reading (2) textbooks in socialstudies and science, (3) teacher's manuals, and (4) workbooks and exercisesheets.

The Center for the Study of Reading has made a major :,Nestment in theanalysis of school reading materials, so I have available volumes of dataand example, (see Anderson, Osborn, & Tierney, 1983). However, time permitsonly a brief summary.

166



With respect to basal readers, they are different in important ways from
material for children that can be found in a library or a book store. For
instance, they less often reveal directly the feelings, goals and motives of
characters (Bruce, 1983). Probably this makes basal reader stories both
less interesting and harder to understand.

It is easy to be a sensationalist if one chooses examples from the very
earliest selections in basal readers. These selections frequently do not

tell a story. They do not tell a story because they have been graded
according to something called a "readability formula." For those among you
who are uninitiated, .a readability formula says, "Use easy words. Use short

sentences." In the first grade, this means extremely easy words and extre-
mely short -entences.

The readability formula has a baleful influence on school reading materials.
Early basal reader selections are full of words such as "he", "it", and

"one." The problem is that it is frequently impossible to determine the
referents of these terms. Thus, the text has been made more readable in
only a superficial sense. It has'been made less readable by any reasonable

definition.

At all grade levels, short sentences are frequently achieved at the expense
of coherence (Davison, 1983). Connecting words such as "after", and "but"

are removed. The consequence is that the children are left to figure out on
their own how the propositions are supposed to be related to one another.

My colleagues and I believe that textbooks in social studies and science are

distressingly poor. Many consist of little more than vaguely related lists
of facts. Abrupt, unmotivated transitions are frequent. Textbooks are as
likely to emphasize a trivial, detail or a colorful anecdote as a fundamental

principle.

For instance, in a section of a text about the building of the transcon-
tinental railroad, one quarter of the words and the most salient paragraph
in the text was about someone named Leland Stanford who in Promontory,.Utah
on May 10, 1869 swung a sledge hammer at a golden spike and missed. A close

analysis of the sections from several textbooks on the building cf the

transcontinental railroad revealed that none of them explained clearly why
people in this country wanted to build the railroad, what the plans were for
accomplishing the task, how it was actually done, or what happened as a con-
sequence (Armbruster, 1982).

According to publishing executives, there is an insatiable demand for work-
books and exercise sheets among school teachers. This is regrettable since a
thoughtful analysis by Osborn (1983) suggests that such "seatwork" is seldom
instructive for children who do not understand some skill. On the other
hand, for children who do understand it, the sheet is rrobably busy work.
The directions for workbook pages and exercise sheets are frequently confus-

ing for the hard-to-teach child. Responding to pages and sheets involves
circling letters, drawing lines, or writing words in blanks. It almost
never involves writing as much as a whole sentence.
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As a rule there is little correlation between seatwork exercises and the
basal reader selections and lesson guidelines in the teacher's manual. One
reason for this is that it is current practice in the publishing industry
for independent teams of people to prepare these components. Often seatwork
exercises are subcontracted to other publishing companies.

A thorough study of teachers' manuals indicates that most contain a smorgas-
bord of suggestions that encourage teachers to flit from topic to topic and
activity to activity (Durkin, 1983). This is part of the explanation for
the fact that the typical reading lesson is disjointed (Mason, 1983).
Manuals are'painfully explicit where reasonable people would be able to
figure out what to do on their own, but they become vague and sketchy where
what a teacher ought to do to bring life to a worthwhile lesson might be
difficult to conceive. There are surprisingly few suggestions for direct
instruction in teacher's manuals. Most space is given to suggesting
questions to be asked and to recommendations for practice and review.

Systematic observation indicates that there is very little actual instruc-
tion in reading in most classrooms. Durkin (1978-79) completed three
studies involving a total of 17,977 minutes of observation during reading
and social studies periods in a number of third through sixth grade class-
rooms in several Illinois schools. Of this total, she found only 82 minutes
that she was willing to count as direct, teacher-led instruction in study
skills or in reading comprehension beyond the level of individual words.
This amounts to a little less than one-half of one percent of the time. A
strict definition of instruction was used in these studies, according to
which, for instance, all questioning was classified as assessment, not in-
struction. Still, these and other studies around North America (e.g.,
Neilson & Rennie, 1981) show little instruction by anyone's definition.

What does happen during real:ng period? In the typical classroom in the
first three or four grades, the children are divided into several groups
according to ability. While one group works with the teacher, the others
complete skill sheets at their seats. The children in the reading group are
introduced to the new words in the day's basal reader story. Then the story
is read. It may be read silently, but more often the children take turns
reading it aloud with corrections of mistakes by the teacher as needed.
Next the story is discussed and the teacher may provide instruction in some
aspect of reading. Finally, directions for seatwork are given.

Taking turns reading the day's story aloud is an activity that consumes a
lot of reading period time. This practice is generally deplored by reading
educators. EVen casual classroom observation will reveal that it is boring
and inefficient. A good, recent study completed by Leinhartdt, Zigmond,
and Cooley (1981) showed a negligible relationship between the amount of
class time children spend in oral reading and gains in reading profi-
ciency.

By far the greatest amount of time during the reading period in most class-
rooms is devoted to workbooks and exercise sheets. Estimates range from
35% to as high as 70% (L. Anderson, 1983; Mason, 1983). Leinhardt, Zigmond,
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in

a nonsignificant relation negative--between

spent on seatwork and gains in reading.

In the Leinhardt, Zigmond, and Cooley study, the classroom activities that

had significant positive associations with improvement in reading were

amount of silentreading and amount of direct, teacher-led instruction.

The problem is that there is very little time devoted to silent reading in

most classrooms and, to repeat, there is even less direct reading instruc-

tion. Leinhardt, Zigmond, and Cooley.(pp. 357-358) "observed students

engaging in many nonreading activities throughout the day, even during times

that were set aside for reading. For example we found close to one hour of

each student's day was spent on management chores or waiting... Teachers

used an average of only one minute per day... to explain or model correct

elements of reading. Teachers must organize their time so that these

activities are increased."

A fourth and final problem is inadequate teacher education, supervision and

staff development. Teacher education in this country, perhaps never what

it should be, is now in disarray (see Sykes, 1982, for an analysis). With

respect to supervision and staff development, school effectiveness research

indicates that 'schools in which there is strong instructional leadership

and in-classroom help for teachers produce gains beyond the expected on a

variety of indices (see Samuels, 1981, for a summary of this research as it

related to reading). Regrettably, there is not a tradition in this country

of principals being instructional leaders. While there is state and local

variation, too often the elementary school principal is a former high

school teacher who has never taught a 'child to read, and never tried to cope

with a child who cannot read.

tier candidate for the role of instructional leader is the reading

"specialist," usually a person who was a good classroom teacher who has

received extra training in reading. Unfortunately, reading specialists are

deployed as remedial teachers who pull children out of regular classes to

provide one-on-one instruction. This interrupts the regular teacher's

lesson. Indeed, I have heard reports upon more than one occasion of

children being taken out of class during the reading period in order to

receive reading instruction! Pull-out remedial programs are costly and

inefficient. Common sense suggests that they lead to divided and diminished

responsibility; no one is fully accountable when children fail to learn to

read.

I have painted a bleak picture of reading instruction in the United States

r day, but I submit that within the limits of available data it is an

accurate picture.

Computers and Reading

Can computer technology help solve the problems in reading instruction?

Well, there is no doubt that it could help. I am not sanguine about much

help within the foreseeable future, however, because despite our best inten-

tions, it is my expectation that the principal 'use of computers in
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reading over the next decade is going to be to automate practices of du-bious educational value. Most of the programs I see sweeping onto the mar-ketplace could be called automated workbooks dressed up as games.

There is no a priori reason to suppose that the Aagogical acumen of peo-ple who write computer software is going to be any greater than that ofpeople who write paper-and-pencil workbooks. In fact, probably the samecompanies who now subcontract to do seatwork exercises for Ginn or HoughtonMifflin will be selling their material to Apple and Texas Instruments in thefuture. Thus, my dismal forecast is that educational researchers in the1990s will find that whereas children spend much of their school day at a
computer terminal there is slight relationship between time engaged with thecomputer and progress in reading.

If computer technology is to make a positive contribution to reading,in-struction, a large research and development effort will be required. I willmention three projects that may be worth the investment.

One that would demand a long lead time and nontrivial advances beyond thecurrent state of the art is the development. of intelligent tutoringsystems. Such systems require a model of the expert's knowledge of textsin a certain domain, a model of the learner's current state of knowledge,
and teaching strategies. Collins and Stevens' (1983) analysis of Socraticteaching might serve as the basis for the development of one kind of intel-ligent tutoring system. Whether or not such systems proved economically
viable for use with school children, they would be valuable as models ofexemplary instruction for human teachers.

Another difficult, but probably, achievable goal is computer aided diagnosisof reading difficulties. Reading is only a partially observable, partiallydecomposable process. It is best conceived as a system of interacting com-ponent processes (see Rumelhart & McClelland, 1981). This means that rootdifficulties cannot be counted upon to wear their symptoms on their sleeves,
and.this is one reason that much that passes for diagnosis in reading vergeson the occult. The achievement of Brown and Burton (1978) in modeling"bugs" in children's procedures for doing arithmetic illustrates what may bepossible.

An application that is possible now is using computer technology to extendlearning environments. Several groups are developing child-oriented wordprocessors and computer networks that link children so that they can cor-
respond with one another and work jointly on projects such as school news-papers. The computer serves as an aid that allows the child to keep mec-
hanics like spelling under control and make them subservient to larger and
ultimately more important goals of communication.

Finally, I would be remiss if I did not underline the point that the compu-ter is, at most, a small part of the solution to improving literacy in thiscountry. For large and lasting improvements in standards of literacy,salaries and working conditions must be improved so that a continuing-supply
.of talented people will choose to become teachers, remain in the profession,

and advance to positions of leadership. The most pressing material need ofthe schools is better books.
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Thdeed, it gives one an. odd feeling to contemplate the enormity of the

investment in research, equipment, software, and maintenance that would be

required for large-scale introduction of compuV=r technology into the

schools when everywhere around the nation there are districts unable, or
unwilling, even to finance an adequate supply of paper and pencils.
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THE PLACE OF COMPUTERS IN THE
TEACHING OF WRITING

Robert A. Gundlach
Director of Writing Programs
Northwestern University
Evanston, Illinois 60201

I am told that one of my qualifications for this assignment--to review cur-
rent writing research for a conference designed to create a research agenda
for studying the educational uses of computers--is that I am thought to be
neutral on the question of whether computers should be used in the teaching
of writing. I am .willing to say that I am neutral if you are willing to
accept neutral as a synonym for naive. Naive though I am, I have recently
`teen reading reports of new developments in computer-assisted writing
instruction--as has any writing teacher who keeps up with the pedagogical
journals or who, for that matter, simply keeps an eye on the education
columns in the Sunday newspapers. Reading these accounts has made me want
to learn more about such projects, of course. But reading them has also, I
admit, got me wondering how English teachers are. likely to react to the news
that computers can help them teach writings To investigate, I conducted a
most unsystematic study: I checked my own-reactions, and I asked a few of
my friends for theirs. As limited as my investigation was, it still turned
up several different reactions; let me cast my findings in the form of
predictions. Some English teachers, I predict, will be delighted by the
prospect of having computers help them teach their students to write. No
doubt such teachers will be especially eager to engage the assistance of a
computer in the chores of proofreading students' papers and helping students
repair their errors. Many teachers will also be impressed by reports
suggesting that computer programs can be devised which will provide coaching
and tutoring to students all the way through the composing process. And in
either case, the English teacher who looks forward to a new era of

computerized writing instruction is likely to be a teacher who wants
computers to assume some of the more routine and tedious chores of

composition teaching so that he or she is free to concentrate on helping
students recognize and solve the intellectual problems that, their writing
projects present them.

Other English teachers, it seems safe to say, will be far from enthusiastic
about the use of computers in the t.:-.1hing of writing. Some teachers may,
at the outset, resist irrationally, ,;aught in the throes of the fear and
trembling that Ellen Nold has observed in humanists who encounter computers
for the first time. But even after that fear is conquered, a sizable per-
centage of English teachers will, I suspect, continue to oppose the use of
computers in their teaching. Some may resist because they fear for their
jobs, especially in places where administrators, or teachers themselves,
conceive of writing instruction in medical metaphors: diagnosing problems,
prescribing remedies, administering treatments, and assessing the effects of
it all. Such teachers may worry that, in time, a well-programmed computer
will replace the well-trained teacher in conducting the cycle of diagnosis,
prescription, remediation, and assessment. Other English teachers, espec-
ially those who do not view their work in these clinical terms, may well
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resist computer-assisted writing instruction on the grounds that computers
are irrelevant to the job at hand and that innovative instructional software
is a distraction, or worse, a compromising enticement to members of the
video generation. These teachers will argue that in order to learn to
write, all a student needs is a pencil, some paper, and a few intelligent
and helpful readers.

Such, in any case, were the reactions I found in myself and in my friends.
I note them here not, certainly, as the results of research, but simply to
make the point that the effectiveness of computer-assisted writing instruc-
tion will depend to a considerable degree on whether English teachers under-
stand its possibilities and believe in its value. Not even the most intel-
ligently developed software will have much effect on students' writing
development if teachers,, do not arrange for students to use it regularly and
in the contexts for2Wilich it is designed. Among the issues, then, that
merit attention in deliberations on the uses of computers in the teaching of
writing are what English teachers believe about computer-assisted writing
instruction'and how English teachers interact, or fail to interact, with the
machines that are turning up in their classrooms or in their schools'
resource centers. I dwell on this point because I think it would be a seri-
ous mistake to allow the prospect of computer-assisted writing instruction
to revive the fantasy among eductional leaders of a teacher-proof curri-
culum; down that path, I believe, lie boondoggle and dashed hopes of the
sort that were strewn in the wake of proposals for instructional television.

While I am at the job of proposing items for a research agenda, let me press
a bit further. T14e reports of experimental programs I have read suggest
that the microcomputer revolution offers teachers a new technology for
accomplishing the traditional goals of composition teaching. But what
exactly. are, the traditional goals of composition teaching? It is not diffi-
cult to assemble a reasonably consistent set of very general objectives from
a century's worth of commission reports and curriculum guides, but anyone
who has worked in the trade for a while (and anyone who has tried to create
a valid and reliable writing test) knows that specifying the goals of
writing instruction as they are embodied in classroom practice has ldng been
a vexing undertaking. Yet specifying sensible goals for teaching writing- -
goals that are at once worthy and realizable--would seem prerequisite to
developing computer' programs that usefully support writing instruction. Sad
to say, my experience as a member of advisory groups that have been asked to
specify goals_forcomposition teaching has been that such efforts quickly
become either bouts of polemic-swapping or, in cases where the group must
produce a consensus, exercises in strenuous abstraction. Part of the
trouble, I think, is that such discussions muct proceed utterly uninformed
by a historical view of the composition teaching enterprise; we simply do
not have a thorough and penetratingly .critical history of composition
teaching in American education. No one, that is, has sorted out for us how
much of what composition teachers do, and have traditionally done, is pro-
perly understood as aimed at helping students learn to control the process
of composition and the conventions of written language, and how much is
better understood as giving pedagogical eApression to attitudes, values, and
goals which, though perphaps defensible in their own terms, have little
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bearing on helping students learn to rite. Thus I propose that an impor-
tant item on an agenda for research on the uses of computers in the teaching
of writing would--and should--be a careful and tough-minded historical study
of the goals of composition teaching in American schools and colleges. At
the very least, it would seem that before we embark on costly research pro-
jects designed to develop computer programs that will do more efficiently
what English teachers have been trying to do for a hundred years or so, it
would be prudent to figure out why the English. teacher's various consti-
tuents--employers, parents, teachers of other subjects, English teachers at
higher levels, students themselves--have been complaining variously about
the English teacher's inadequacies, excesses, and evident failures for

nearly as long as English teachers have been in the business of teaching
composition.

Having said this much about research we do not have, let me turn now to my
assigned task of surveying the research, at hand. Research activity on the
learning and teaching of writing has inceased enormously in the last six or
seven years, stimulated principally by widespread public concern about a
decline of writing ability among American students and indeed among Ameri-
can-, in general. might be said about /Ale character and significance of

this public sense of an American "writing crisis"--we might ask, for

instance, how public worrying about students diminished writing skill fits,
on the one hand, with predictions of an "information revolution" brought on
by advances in computer technology, and how it fits, on the other hand, with
the current sentiment that schools must get "back to basics," must restore
the discipline of some earlier Golden Age in American education. But here I

must set aside considerations of the recent publicity about a writing

crisis, except to observe that because much recent writing research has been
undertaken as a reSponse,to a perceived social problem, some researchers
(and some interpreters of research) have been tempted to make grand claims
about achieving a revolution in writing instruction, claims that rest on
evidence from relatively modest atudies. I do not believe that writing
research over the past few years has provided the basis for a revolution in
.writing instruction, but I do find that recent research does yield a number
of insights and does raise some challenging questions. I should also note,

as I clear the ground for my review of this work; that recent writing
research has been kaleidoscopically interdisciplinary; studies have been
undertaken by cognitive psychologists, by linguists, by anthropologists, by
specialists in rhetoric and literary criticism--and by educational
researchers who have adapted to their purposes various goals and methods
from one, two, or even three, of the research. traditions I have just listed.
And yet, perhaps because the field has so recently expanded into an educa-
tional research specialty of its own, :here are very few lines of inquiry
which have attracted several different research groups whose studies build
systematically on solid conclUsions from work done in earlier investigation.

Because the recent work is various and in some respects scattered, any
scheme for organizing a brief review is necessarily somewhat arbitrary. My
method here is to formulate four large questions which seem to me to contain
most of the recent research. (I recognize that some readers may find alter-

native schemes more appealing. The curious reader who wishes to develop his
own overview may wish to start, as I did, by considering the reports and



essays in recent volumes edited by Cooper and Odell [1977, 1978], Gregg and
Steinberg [1980], Whiteman [1981], Frederiksen and Dominic [1981],and
Nystrand [1982]. Taken together, these collections malce good starting
point for anyone interested in surveying current .writing theory and
research. The questions I have fashioned to organize my discussion are:
1) What is the status of writing in American society? 2) What are the char-
acteristico of effeCtive written texts? 3) What are the components of the
composing process? 4) How do children learn to write? My plan is to ti-lke
up each of these questions in turn, and then to conclude with some general
comments about how people learn to write and how computers might be able to
help.

What is the Status of Writing in America?

My phrasing in this question is borrowed from the title of Edward P. J.
Corbett's essay, "The Status of Writing in our Society" (Whiteman, 1981),
which Corbett first prepared as a presentation to the National Institute of
Education Conference on Writing in 1977. Corbett begins his discussion by
asking whether writing will "continue to play a significant role in the
political, professional, cultural, and business affairs of our society
during the last quarter of this century." The question is an important one,
Corbett suggests, because the answer will control what English teachers will
he teaching in the years ahead. Corbett concludes, more on the basis of
rumination than extensive investigati6n, that Americans will indeed continue
to write, and he suggests that the kind of training Americans will need, and
for that matter need now, is in practical types,of writing ("When students
are exercised solely in writing literary essays, to the exclusion of more
utilitarian kinds of writing, they are being scandalously short-changed"
[p.49]).. The English teacher who sees this much will also see, Corbett
notes, that "students will have to he exercised primarily, if not exclu-
sively, in Edited American English. That is the power dialect in our
society. That is the dialect that provides students with an entree into
the mainstream of society" (p. 52).

These are familiar obServationsthat English teachers too often emphasize'
the special discourse of literary analysis when their students in fact do
not want or need training in literary criticism, and that English, teachers
who allow students to write in spoken forms are failing to prepare students
for life in the mainstream of American society. But the large issue Corbett
addresses, the future of writing in America, has onXy quite recently begun
to draw the attention of composition teachers and researchers. The empiri-
cal side of this interest has taken the form of studies of writing in the
"real world" (as distinguished from writing in school). A number of inves-
tigators have undertaken surveys, often sending questionnaires to alumni of
the institutions in which the investigator works. (See, as an example,
Robert R. Bataille's article, "Writing in the World of Work: What our
Graduates Report," which appears in the October, 1982 issue of College
Composition and Communication.): A few researchers have conducted thorough
observational studies-a notable example is the work done by Lee Odell anti.
Dixie Goswami (see their article, "Writing in a Non - Academic Setting," in
the October, 1982 issue of Research in the Teaching of English). Yet more



ambitious studies have been proposed by John Szwed (see his essay, "The

Ethnography of Literacy," in Whiteman, 1981).

Research on. the status of writing in American society has an important

place, I think, in the larger field of American studies, and it would seem

especially productive if ethnographic studies of the kind Szwed proposes

were placed in the intellectual context of recent work by social historians

on the history of literacy in America. I have the impression, however, that

when composition researchers study writing in the real world, and particu-

larly in the work place, the hope-among those Who grant money for such
projects, if not among the researchers themselve.;--is that such research

will have very practical value for composition teachers. When studies

reveal brisk writing activity in the world of work, they can be used to
support the argument that composition teaching should have a significant

place in school and college curricula. Writing is pervasive in America

today, such arguments usually run, especially in the professions and in

managerial jobs; the rise of electronic media has not rendered writing
obsolete.., People, especially successful_ people, still write, and schools
must continue to prepare students for the writing tasks they will face out

in the working world. Studies of writing in non-academic settings can also
be used, of course, to support the argument that school and perhaps college

composition programs should emphasize practical skills and offer practice in

using non-academic forms of discourse. This argument rests on the assump-

tion that writing instruction should be utilitarian, indeed in a general

sense vocational; it is an argument that can be heard these days in most
realms of composition teaching, but most frequently, I find, in professional

discussion of teaching writing to the acadeWbally disaffected or unsophi-

sticated (for a particularly interesting example, see Heath, 1981).

The uses in institutional politics, of research on the status of writing in

American society are, I suppose, obvious enough, but I am not sure of its

value to the teacher in his teaching. We who teach writing should, of

course, be interested in the writing that people do outside of school; in
fact, we probably ought to be doing some of it ourselves from time to time.

And when we teach specialized writing courses that are supposed to train

students for a specific job, or even a particular kind of job, our under-

, standing of the pertinent vocational forms and uses of writing ought to

inform our teaching very closely. Even when we are teaching more general
courses, we are wise to inform our teaching with facts and observations
about writing in many situations, and not to limit our ideas about writing,

or our students' ideas about writing, to the sorts of discourse familiar in

schools and colleges. But we should, I think, resist too complete a

utilitarian conception of the goals of writing instruction. We ought to

keep in mind, and inform our teaching with, the conception of writing

instruction that holds that the development of writing ability involves, at

least in part, the development of the use of language as an instrument of.

thought--the use of language to raise difficult questions, to formulate

careful answers, to read and revise one's own formulations. This way of

using language is not limited to academic discourse, and it is an activity
available, in the right circumstances, to children as well as to adoleScents

and adults; it can result as easily in narratives of'personal experience and

thoughtful practical communication as in such specialized forms as the

critical essay.
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And certainly the case can be made that a student who has pract:.ce in using
language as an instrument of thought (the phrase is from Bruney, 1977) has
developed analytic skill that may be useful to him in some jobs; but even inmaking that case (which is one aspect of the familiar argument for the
liberal arts in American education), we must be ready to concede that the
student who is exploring the use of language as an instrument of thought is
not necessarily learning a vocational skill.

Much more might be said on this point, but it seems most appropriate here
simply to underscore my earlier point that if we are to recommend research
on how computers can help teach writing, we had better be prepared to think
hard about the goals--and hence the justifications--of school and college
composition programs. Recent studies of the status of writing in American
society, and the ways in which the results of such studies are used both to
support the existence of composition courses and to shape their contents,
will press the issues of goals and justifications upon us, whether we likeit or not.

What are the Characteristics of Effectivsi Written TextE.:?

Writing teachers need good descriptions of effective writing, both to define
the target we are teaching to and. to establish criteria for evaluating our
students' written work. Traditionally, our notions about what makes prose
effective have come from three sources: 1) models of readability, on the
plausible' assumption that the features that make texts readable are the
features that students ought to strive for in their writing; 2) what we, or
our textbooks, understand as the characteristics of especially admirable
pieces of writing (the essays of E. B. White, say, or George Orwell, or,
more recently, Joan Didion and Lewis Thomas); and 3) what the folklore of
our profession, as it is transmitted in textbooks,or in the faculty lounge,
tells us are useful devices,for imposing order on students' essays--one-
paragraph introductions, three-paragraph bodies, and one-paragraph conclu-
sions, a topic sentence at the head of every paragraph, and the like. When
we are judging the writing that students produce not in our courses but in
more formal testing circumstances, our criteria tend to be light on
discourse features (we settle for a general orderliness, gauged
holistically) and heavy on usage and style (we prefer usage that is formal
but not frozen, to use Joos's terms, varied sentence structure with
occasional periodic sentences, and diction that is definite, specific, and
concrete). Whether judging classroom compositions or examination essays, we
also, of course, want students to observe conventional grammatical
principles, to punctuate properly, and to avoid misspellings, and we
evaluate their writing on the basis of their success in managing these
mechanics.

What haS recent research to say' about all of this? For 4)1:e thing, some
composition teachers and a number of researchers have been influenced by the
new emphasis in reading research on discourse structures larger than the
sentence. We have always been interested in having students produce
coherent texts, but lately tae have become more interested in specifying the
elements that contribute to coherence. Influenced by recent research in



cognitive psychology, some writing researchers hove begun to look for

evidence in writers' texts of their cognitive schemata--their frames, their
scripts, their plans. Some composition teachers have told me that they see
little more than attenuated rhetorical analysis in recent theories of the
influences of cognitive structure on textual form. Whatever the merits of
their complaint, I think it is fair to say that writing researchers and
teachers alike have been slow to consider the implications of recent reading
comprehension research for helping students become adept readers of their
own writing-in-progress.

Some composition researchers have also been greatly influenced by Halliday
and Hasan's Cohesion in English, which was published in 1976. The attrac-
tion of this book is that it offers a theory of linguistically specifiable
features--cohesive ties--that, taken together, make an extended text cohe-
sive and give it texture. Working on the assumption that "incoherent"
student writing is insufficiently cohesive, a number of investigators have
sought to apply the theoretical scheme from Cohesion in English to the job
of evaluating samples of students' writing. No doubt interesting results
will emerge from some of these studies; the sticking point, though, in much
of the work of this kind is that it is very difficult to establish what
Roger Brown calls "obligatory contexts" for specific cohesive ties. It is
difficult, that is, to establish a fixed "mature" or "expert" model against
which a student's use of, say, nominal ellipsis or lexical collocation may
be evaluated. There are, it turns outs many options writers exercise in
establishing continuity and texture in their writing.

In addition to supplementing our traditional interest in usage and style
with new, or newly formulated, insights into text structure and textual
continuity, recent research has also pulled us up short at the question of
how composition teachers do in fact judge students' writing. Studies by
Rosemary Hake and Joseph Williams,(1981) suggest that although we composi-
tion teachers say we prefer a lean, verb-based style in our students'
writing, in fact we award higher marks to students whose essays are cast in
a formal, ponderous, nominal style. Either we are careleSs (a term we use

often to describe our students) or we are stuck in a sociolinguistic

dilemma; I do not know which. I do know, though, that e could use more
sociolinguistic inquiry to help us frame, or situate, the general question
of which features characterize effective writing. We need, that is, to

bring closer to the center of our attention what seems to me the obvious
point that to speak of the effectiveness of a piece of writing is to speak
of its effect in a particular set of circumstances, and we need to overcome
our tendency to allow vague labels of purpose ("persuasive," "expressive")
to substitute for useful descriptions of the 'circumstances in which people
write. I hope that recent work on the contrasting features of spoken and
written language in modern literate societies by such sociolinguists as
Michael Stubbs and Deborah Tannen, and recent wide-ranging studies of oral
and literate cultural modes of thought and expression by such scholars as
Jack Goody, David Olson, Walter Ong, Michael Cole, Sylvia Scribner, and

Shirley Brice Heath will lead composition researchers to work on the ques-
tion of how specific contexts influence particular textual features in

students' writing. Once we are better able to situate the question of Which
characteristics make a written text effective, we are likely to produce
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answers that are more useful than those we have not for evaluating students'
written work.

In the meantime, we are becoming more insightful in our understanding of the
features of ineffective writing. Mina Shaughnessy led the way with her
analyses of the unconventional writing produced by inexperienced writers at
CCNY; Linda Flower has contributed the useful concept of "writer-based
prose"; Aruthur Applebee has begun to characterize the textual weaknesses in
inexperienced high school students' writing. Joseph Williams, on,,,,the other
hand, has analyzed the features of what he has called "bad mature. writing,"
and has offered counsel for those who wish to avoid such features in his
book, Style: Ten Lessons in Clarity and Grace. 'Recent analyses of clumsy
bureaucratic writing and proposals for antidotes are also offered in the
Document Design Project's Writing in the Professions and Richard Lanham's
textbooks, Revising Prose and Revising Business Prose.

The upshot is that we are becoming more precise about the features we hope
to see in our students' writing, and thus we are becoming increasingly able
to program computers--those tireless and relentlessly patient proofreaders--
to search out features in our students' writing that do not make our list of
characteristics of effective texts. The value of enlisting a computer as a
proofreader both persistent and patient, even generous of spirit, should not
be underestimated. In my experience, composition teachers are often either'
generous of spirit or persistent, but rarely both. I assume that any
computer, on the other hand, can, in time, be programmed to respond to
students' writing with both a steady understanding of at least some of
William Strunk and E. B. White's rules from The Elements of Style and an
unflagging appreciation of .E. B. White's lament: "The English language is
always sticking out a foot to trip a man. . . . English usage is sometimes
more than mere taste, judgment, and education--sometimes it's sheer luck,
like getting across the street." Indefatigable and patient though computers
may be, however, I do not imagine that any machine will help composition
teachers figure out how to cope with the simple truth contained in Robert
Frost's remark, "You can be a little ungrammatical if you come from the
right part of the country."

What Are the Components of the Composing Process?

The process of writing--what writers do and how they think--has attracted a
great deal of interest in recent years from researchers and teachers alike.
Some even regard this new interest in composing (as distinct from an
interest in the qualities and effects of written texts) as,evidence of a
Kuhnian paradigm'shift. That claim seems to me open to dispute, but there
can be no'dOUbt that recent studies of composing have drawn attention to
important questions about how people write and how people learn to write
that have not received much attention in the hundred years or so that
English composition has been a staple of school and college curricula.
There are several researchers participating in this meeting (John R. Hayes
and Marlene Scardamalia, to, name two) whose understanding of the new
composing process research is more current and more sophisticated than mine,
and soi assuming that they can ably brief us on its particulars I will
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limit myself here to some comments aimed at placing the recent work in

historical context and some notes on questions about composing that we

continue to neglect.

It was Porter Perrin, I believe, who brought the idea of the process of

writing into the modern composition textbook tradition. In his first.

edition of his Writer's Guide and Index to English, published in 1942,

Perrin included an entire chapter on "The Writing Process," a subject which,

he notes in his preface, he regarded as "basic for the" work of composition."

Perrin makes clear in his opening sentences of the chapter why he considered

instruction in the writing process crucial: "Writing is either hard or

easy, as a person makes it. For most people who have not written very much,

the chief difficulty is uncertainty as to what they should do. Worry takes

more out of them than work." After explaining his assumptions about th,

causes inexperienced writers' difficulties, Perrin lists nine stages in
the procitss of writing an academic paper and then takes up each stage in

turn, noting the contribution of each stage to the finished work and elabo-

rating with tips for the novice. In the 1950s and 1960s, perhaps in part as

a result of the success of Perrin's textbook and surely in part also as a
consequence of the rise of several New Rhetorics, many composition textbook
authors followed Perrin's lead and incorporated in their books a chapter

that instructed students in the steps or stages of writing papers.

It is interesting to note that Perrin himself was evidently firmly committed

to what nowadays is often called a "process approach" to teaching writing.

In an essay entitled, "Freshman Composition and the Tradition of Rhetoric,"

published in 1960, he sought to persuade composition teachers to reduce
their emphasis. on teaching grammar and to increase their attention to

rhetoric, by which he meant "the study of the making, the qualities, and the
effects of verbal discourse" (p. 124). He especially wanted attention given

to the "making"; "The basic premise of rhetoric," he argues, "is that

discourse is an act (something done) studied as an art in the old sense. It

is the result of a procesS that can be seen in stages for each of which
pertinent ,advice can be given" (p. 124). He also makes a point of noting

thit the particular process a writer follows in a given instance is

influenced by the circumstances in which the writing is undertaken. "A

second premise of rhetoric," Perrin writes, "is that discourse occurs in a

situation that defines to a considerable extent the mental 'set' of the

writer as well as the content, arrangement, and tone of what is written" (p.

124).

Of course the "textbook writers who put the writing process into a tidy

sequence of steps were engaged in a pedagogical act, not an attempt at

empirical description. It was Janet Emig's study, The Composing Processes
of Twelfth Graders, published in 1971, that launched the recent wave of

empirical work on how people compose. Among the researchers who have
developed this line of research are Donald Graves, Donald Murray, Sondra
Perl, Nancy Sommers, James Britton.and his colleagues, and Anne Matsuhashii.

The studies of composing undertaken by these and others in the field of
English education have tended to concentrate on the behavior of writers,

with the researcher drawing inferences about a writer's intellectual

processes from the behavior observed. More often than not in such studies,

the inferences drawn from observed behavior are eventually modified or
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amplified on the basis of the researcher's interviews with the writers who
who have been under observation. Other researchers--notably-John R. Hayes
and Linda Flower, and Carl Bereiter, Marlene Scardamalia, and their col-
leagues--have brought the goals and methods of cognitive psychology to bear
on studies of composing, and have thus concentrated directly on the writer's
intellectual processes. Still, it should be noted that, as some cognitive
psychologists readily concede, even the researcher who concentrates directly
on the writer's intellectual processes must find ways to do it with mir-
rors--cognitive operations are interior phenomena, and are not easily,
perhaps not ever fully, made available for inspection.

What have been the effects of recent research on composing? In the first
place, such studies have been useful in supporting, and in some cases
further articulating, the belief among many composition teachers that good
composition, teaching emphasizes the process and not merely the product of
written composition. Although some theorists argue strongly against it, the
notion of writing as a sequence of operations is still influential, and,
certainly in some teaching contexts at least, that view is quite useful.
Sometimes the' notion is cast .as a series of specific stepS, but more often
is formulated as three broad stages--"prewriting, writing, and revising," or
"conception, incubation, and production." Yet while many composition
teachers continue to think about the composing process as a series of
stages, cognitive theories of composing are, beginning to get wider circula-
tion and are challenging the image of writing as a step-by-step procedure
with a picture of the writing process as a network of problem solving tasks,
tasks that interact in a hierarchical system rather than lining up in a
simple linear sequence. I suppose that some of the fine points of such
cognitive theories elude many of the composition teachers who study them;
but I also suppose that anyone who has been reading the pedagogical journals
or who has spent a summer in a local branch of the National Writing Project
is likely to have developed the impression that composition experts have
reached a consensus: writers solve problems; revision is recursive.

Recent research on composing, whether from the perspective of cognitive
psychology or in the tradition of English education, has given us not only a
more detailed and more complex sense of the components of composing, but
also some intriguing and potentially very useful hypotheses About the
differences in composing behavior and cognition between expert writers on
the one hand and novice writers on the other. It seems likely that program
developers will work at using these hypotheses to create computer-based
tutoring programs in composing, programethat predict the shortcomings of an
inexperienced writer's composing strategy and that instruct him in how to
adjust his strategy to make it match more closely a generalized model of how
experts-compose. Basic research on composing and technical refinements in
computing are needed, however, before the potential of this use of computers
in teaching writing can be fully evaluated.

For all the insights produced by recent studies, it must be noted that as a
general line of inquiry, composing process researh still has a way to go,.
We have had, to cite one important limitation of the work to date, virtually
no research that seriously attempts to unite the two premises of rhetoric
that Perin noted more than twenty years ago--first, that writing is an
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activity, a process, and second, that character of the activity of writing
in a particular instance is significantly shaped by the situation that gives
rise to the act. At the moment, the first premise serves as the guiding
assumption of the writing research undertaken by most cognitive psycholo-
gists, and the second premise is the central assumption of writing research
conducted by educations, anthropologists. Too often, these two camps of
researchers regard each other with great suspicion. The, result is that we
generally get abstracted models of the composing process from one camp and
detailed analyses of the contexts of specific writing activities from the
other camp, with few attempts to discover the relationship between these two
kinds of knowledge.

Perhaps the most important reason to build some iiealogical bridges between
these two camps is to enlist the help of both sides in formulating produc-
tive methods for studying the act of sustained writing, writing that is not
composed in one sitting but rather is composed over days, months, and even
years. We know very little indeed about how people produce writing that is
longer and more complex, or which demands more sustained thought, than
writing that can be disposed Of in one or two classroom periods. We have
plenty of material from literary studies and interviews with professional
writers to enrich our understanding of sustained composing, but so far as I
know we have no data of the orderly sort usually gathered in social science
research to help with the job. Vera John-Steiner, I am told, is now at work
on a study of how people complete long-term intellectual work, including__
extended writing projects--her working title is said to be Notebooks of the
Mind--and we can look forward to the results of that project; also, we can
observe that, for future studies, new word processing technology would seem
to greatly facilitate the gathering of data.

In the meantime, though, we must recognize that the knowledge we have accu-
mulated and continue to accumulate is knowledge about the process of
composing relatively short and uncomplicated pieces of writing. Such know-
ledge has its value, to be sure, in part because composition teachers are
often expected to teach their students how to write short and uncomplicated
reports and essays. It seems a shame, though, to limit the domain of our
inquiry, and perhaps thereby to limit the ultimSte value of our research,
chiefly because we lack the imagination or the academic diplomacy required
to develop methods for studying how people produce complex and sustained
pieces of writing.

How Do Children Learn to Write?

Elsewhere (Gundlach, 1981, 1982) I have reviewed at some length the recent
research on young children and their writing; here I will comment on this
Work very briefly, noting ust one theme that I believe has some bearing on
the teaching of writing to students of any age. In making these remarks, I
have in mind_particularly studies by Bissex, Graves, Sowers, Calkins, Read,
Harste, King, Ferreiro, Clay, Sulzby and a number of others whose work has__
been strongly influenced by the methods and spirit of recent research in
children's language acquisition. Partly as a result of that influence, I

think, the results of these studies point to the conclusions that all
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children can learn to write and that young children are able, given support
and guidance from teachers and perhaps parents, to adapt the powerful
language learning strategies they employ in learning to speak to the process
of learning to write. The more sophisticated arguments advanced in support
of these claims, it should be noted, usually depend in some measure on a
Vygotskian theory of the child's development of the functions of language.
I mention this, alas in passing, because interactive social theories of
children's language development no doubt have implications for the construc-
tion of interactive computer programs that might help children develop as
writers.

The central lesson of recent studies of children's writing development is
that the process of learning to write involves more than being taught, or at
least more than being instructed in a formal and deliberate way. Children
apparently draw on a number of resources as they begin to learn the uses,
forms, and processes of writing, and some children, perhaps many, conduct
their own experiments .with writing well before they encounter formal
instruction in either writing or reading. In my view, any composition
teacher or curriculum builder stands to profit from speculating a bit about
the resources children bring to the process of learning to write: children
have, of course, their knowledge and experience as speakers, which can pro-
vide them both a knowledge of linguistic form and a "sense of situation"
that will serve them well, though not comprehensively, when they begin to
write; they have the sense they have made of their obServations of people
writing and their encounters with written language; they have their reading
experience, including their experience of hearing written language read
aloud; they have their inclination to experiment with cultural tools and
cultural roles; they have their ability to engage adults and other children
in helping them solve technical problems; and they have their inclination to
cooperate, to accept direction. Such are the resources, I' suggest, that
virtually all children--and most older students, too--bring to composition
instruction. As James Britton has suggested, we who teach composition, if
we are alert enough to recognize it "seek to reap continually a harvest we
have not sown." (Britton elsewhere formulates this point about the complex
relationship between teaching and learning in less metaphorical and more
ominous terms: "We teach and teach," Britton notes, assuming the rhythms of
Samuel Beckett,- "and they learn and learn: if they didn't, we wouldn't.")

I do not mean to suggest that students
competent writers without any coaching
Rather, I want to make the simple point,
view, that a theory of how people learn to
and must receive our attention prior to,
instructed in writing.

will become mature or expert or
or instruction; most will not.
obvious yet too often lost from
write must be kept distinct from,
a theory of how people should be

How People Learn to write--

And How Computers Can Help: A Coda

Recent writing research has not yet provided enough answers--or even, it can
be argued, raised enough of the right questions--to give us a general theory
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of how people learn to write. I trust that I will be forgiven, then, if
here at the end of my discussion I depart from current research and turn to
more incidental sources. Consider, for example, a remark made by Elizabeth
Hardwick in her recent review of a biography of Katherine Anne Porter
(NYTBR, 11/7/82). Hardwick observes that Porter, early in her development
as a novelist and short story writer, was "in and 'put of Greenwich Village,
where she met writers and no doubt increased her sophistication about
literature and the act of writing." Hardwick loins her clauses with a
simple "and," but I think it is fair to infer that she means that Porter
became more sophisticated as a writer because she was in touch with, and
very likely was reading intently, writers who formed a literary community.
This remark caught my attention because I belieYe that participating in a
community of active readers and writers is one way, and perhaps the way, a
person develops as a writer. I think this is true not only of novelists and
poets, but also of people who learn to write good term papers or effective
office memos.

Because I have this notion, my attention also fastened on some comments made
by the historian Robert Darnton in his essay, "What Is the History of
Books?", which appeared in a recent issue of Daedalus (Summer 1982). In
this essay Darnton proposes a general model to account for the life cycle of
a book. The model he sketches is of a "communications circuit" in which a
book is produced by an author, passed along to a publisher, then to a
printer, then to a shipper, then to a bookseller, then to a reader, and
then, in a curious sense, back. to the author again. Explaining this last
connection, explaining, that is, how reader "influences the author both
before and.F.,fter the act of composition," Darnton writes:

Authors are readers themselves. By reading and associating with
other readers and writers, they form notions of genre and style
and a general sense of the literary enterprise, whether they are
composing Shakespearean sonnets or directions for. assembling radio
kits. (p. 67)

I am not working my way around to the argument that formal instruction in
writing is worthless. I do not hold with Flaubert, who said (if Paul Engle
is to be trusted; I have this second hand) that all a teacher can offer a
would-be writer is a kiss on the brow and a kick in the parts. Nor do I
mean to suggest that students are likely to become writers merely by fol-
lowing the biographical traces of literary figures. What I am suggesting is
that if a person participates in a Community of active readers and writers,
if he reads and writes regularly and if his reading and writing put him in
touch with other people, he stands a reasonably good chance of forming
notions of genre and style, of developing a general sense of the literary
enterprise, and of becoming increasingly sophisticated about the act of
writing itself. And I suppose we must conclude, on the evidence of
experience if not research, that some people can, by participating in sucn a
community, develop considerable writing skill without much formal writing
instruction at all, while others, though they read and write and rub
shoulders with fellow writers, stand to profit from all the composition
instruction man or machine can provide.
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What does this mean for research on the place of computers in the teaching
of writing? It means that we ought to ask first how teachers can assemble
true communities of active readers and writers, and how teachers can give
even the most reluctant students a clear shot at participating in such
communities. Then we can ask how computer technology might be useful in
these efforts.
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READING

Catherine Copeland
Southern Boone County School
Ashland Missouri 65010

Questions by any teacher when considering the place of computers in the
classroom should range from those relating to theoretical issues to those
about practical application. Foremost, computers should focus on teachers,
their curriculums, and their students. Research in the effectiveness of
computers in the classroom should not exclude looking in depth at children,
classrooms, teachers and learning. We should not be so much interested in
statistics as in good descriptions of how children are using computers in
developing their use of language and how the computer affects children's be-
coming literate.

Too often evaluation has become confused with research. The research relies
on collecting standardized test results, not looking at the reading. and
writing processes themselves. What is needed is a wider range of reading
research methodology and interdisciplinary research within the classroom
with real readers and writers using those processes, not standardized test
results which do not present enough discourse to really test the reading and
writing ability of children.

Reading researchers have become more independent today, although they draw
on the work from other fields such as psydhology, physiology or linguistics.
They develop their own research paradigms and develop their own theory base.
Reading researchers and classroom teachers are beginning to work together;
perhaps it is also time to add the computer programmer to that team.

If teachers become a part of the computer programming procedures, the

materials will not be in conflict with their curriculums. Additionally, the
piogrammer.will have an opportunity to learn how the teacher views literacy
andilearning.. By working with the informed teachers, the piogrammer can use
that information to address instructional needs.

Unfortunately, one of the main concerns im.the'field of readirig today is the
recognition there are gaps between theory, research and curriculums. Class-

room.teachers are at odds about what theory on which to base their curricu-
lum. or, worse, they haven't developed their own philosophy. Therefore they
rely solely on textbook companies to dictate their lesson plans.

Consequently the overall objective of Zany research should be to build and
disseminate reading theory which will truly contribute to the development
of literacy in the classroom. By helping teachers understand the reading
process, this will enable them to build their individual instructional

model, implementing that theory into practice.
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At this time materials teachers use to guide and help'them improve teaching
methods are stating two majo theories. For example in a 1977 book,
Phonics: Why and How by Patrick off, the teacher is told:

phonics teaching does, in fact, offer the child significant help in
learning to read and spell. The research on the teaching of reading
makes this clear. As Eleanor Gibson guts it, the heart of learning
to read would' seem to be the process Of mapping written words and
letters to the spoken language; a process of, translating or matching
one symbol to another.

Teaching reading has been based on the idea that reading consists of a set
of identifiable skills and publishers have produced materials' aimed at
giving practice with these skills.

M. Clark, however, brings out it her book, Young Fluent Readers (1976):

Teachers have too long been too little aware of, the complexity ,and
range of skills that even the beginning reader brings to the reading
situation... the teacher concerned with the young child and the begin-
ning reader has had her attention directed mainly if not exclusively,
to the lower decoding skills.

Yet, education still feels the effect of Flesch's "Why Johnny Can't Read,"
Family Circle, November, 1979, which emphasized a phonetic approach. The
article pressures,and influences teachers to continue such an approach and
materials without looking at research on the reading process.

As an undergraduate, in 1967, the only reading. 'theory my course presented
was a phonetic approach promoting activities such as presented'in.the'text
Personalized Reading Instruction (1961) by Walter B. Barbe:

At the readiness level it is important for the child to learn how to
match letters andmatch words. By' listing ih,two columns different
letters the child should be able to draw a line from the word in the
column on the left to the column on, the right which is the same. This
can be done in a variety of ways but lhould begin with matching either
single letters or words that begin the same. The teacher can then lead
into matching words and small, letters when the child has learned to '

match these.

From the other viewpoint Lynn L. Rhodes states in her paper,, "Predictable
Books: An Instructional Resource for Meaningful Reading and. Writing": The
Affective. Dimension in Reading: A Resource Guide, Indiana University
Reading Program-1977:

Readers have three 'language systems available for their use. These
three systems, the syntactic (grammar) system, the graphophonic (sound/
symbol) system, and the semantic (meaning) system, are uses in an
interrelated manner. The redundancy of the language. system and the
reader's active predictions about content and language of the story
permit an efficient reader to sample the graphic information on the
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page. The overemphasis on the graphophonic system prevalent in reading
instruction causes the reader to have to use far morecvisual informa-
tion than .would be necessary if the same graphic information was
embedded in whole, natural language.

Kenneth S. Goodman expresses concern about tle "Back to Basics" movement.
(Commentary, Language Arts, November/December 1978):

Logically, we should be gearing our schools and preparing our teachers
for grand innovations. New curricula, new materials ought to be pour-
ring forth to put the developing knowledge to work.. But, in fact, in
our very zeal to make literacy universal, in many school systems we are
locking out knowledge. The battle is Back to Basics. Truth is to be
found by closing our minds to new knowledge, facing to the rear, and
glorifying ignorance. This know-nothing movement is institutionalized
by state law, board'policy, federal guidelines, and even court order.
It is set in the concrete of minimal cOmpetence, management by objec-
tives, arbitrary skill hierarchies, mandated 'testing. Schools are

ordered to teach all children to read quickly and well, but they are
then cut off from new knowledge and the possibility of using it in
creative innovations.

Further, two studies that have helped prove that teaching letter sounds is a
waste of time were done by Robert Hillerich in Elementary School Journal,
"Teaching About Vowels in Second Grade" (Fall 1970) and "First Grade Reading
Achievement" (Feb. 1967). Hillerich studied the effectiveness of teaching

generalizations to first grade pupils. He compared all first graders
(N-742rintwo comparable school districts in terms of reading achievement
at Ahe end of gtade one. In one school district, first graders were taught
vowel generalizations as part of the reading program. In the other school

district they were not.

Results at the end of-,the year indicated that those pupils who had not been.
taught vowel generaliZ-ations_ scored significantly higher in reaching

achievement. Most important,,Ale entire difference in reading achievement
of the two groups was reflected--in the subtest of comprehension, suggesting
that excessive attention to the vowels led to overanalysis of words rather
than concern for meaning.

In a follow-up study, Hillerich investigated the effectiveness of teaching

about vowels in second: grade. In this study of si3e-classrooms, two classes

of second graders were taught vowel generalizations, twO-classes were taught'
about vowels only at the hearing level, to listen for and to- recognize the

various sounds; and two classes were not taught anything. about vowels during
the entire. second grade year. At the end of the year, the readingaOhieye-.
ment test indicated that those who had been,taught.only at the hearing level-.

scored significantly higher than the next highest group, while the group
that had been :taught vowel generalizations was lowest in reading -achieve-
ment.. In the conclusion of his findings he stated:
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From the standpoint of analysis of language, vowel generalizations
have little validity; from the standpoint of instruction of primary
children, they have little effectiveness.

Children have difficulty with vowel rules and are often given extra
practice sheets on vowels, Such activities require time for filling
in blanks, time which could be devoted to reading or to having fun
exploring the language, Most teachers recognize that, once started,
children also learn to read by reading.

Teachers have a commitment to teach the way they feel is professional and
theoretically sound. The teachers; feeling the responsibility to guide child-
ren into literacy, must resolve differences.

. How true the statement in the 1978 November/December issue of Language Arts
`,editorial by Julie M. Jenson: "In what field (referring to reading) has so
Much that violates sense been published, packaged, and inflicted on teachers
and children?"

BecaUse of the research I have studied and applied in my own classroom I
believe as R. Van Allan expressed. in' his article, "Personal Language and
Beginning Reading," Early Years (November 1978):

As language matures and positive attitudes About, books and reading
develop, teachers assume responsibility for helping each child concep-
tualize, habituate, and internalize a few truths about self and
language.

Children, who from the beginning have related speaking, listening, and
writing to the reading process, begin to read naturally. It's as
natural as learning to converse. Reading for them is not a separate
subject in school but a' natural part of sending and receiving messages.

My students benefit by participating in a comprehensive language program,
because the emphasis is on the development of language. processes, basic con-
cepts and the integration. of these processes and concepts into a strong lan-
guage base for effective communication. This approach to instruction in
language arts, allows for the integration of reading, writing, speaking,. and
listening in a meaningful context.

The program is comprehension- centered and helps the students focus on
gaining.meaning while reading. The individual and group activities are
,designed to develop and broaden concepts and experiences. These activities
also generate many natural reading and writing experiences. The oral lan-
guage which children use .and hear daily is utilized as material for instruc-
tion rather than fragmented sounds and syllables that are not a meaningful
part of their everyday experience. To help the children gain meaning from
print, instruction incorporating the three systems of language,
graphophonemic, syntactic, and semantic, is used. Isolated use of one
system is avoided. The childreA are encouraged to use the information from
the integration of all three systems to gainmeaning. The language arts
become meaningful beCause children read, write, listen and talk about
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activities in which they participate.

This program helps improve existing receptive and expressive skills and

develop a desire to read and write to gain meaning for pleasure.

Like listening and speaking, reading ii.nd writing are acquired because they

are functional and social in nature. As children interact with others in

their societies of home, community, of school, they find it necessary to use

language in a variety of ways and for a variety of purposes. 'M.A.K.

Halliday has identified seven functions through which a child acquires oral

language or, as Halliday puts it, "learns how to mean," Learning How To Mean

(Halliday, 1975). These seven functions have provided others a basis for

drawing parallel functional motivations for learning to read, and a,third

parallel follows easily--motivation for writing.

(X. Goodman and Y. Goodman, "Learning to Read is Natural." Presented at the

Conference on Theory and Practice of Beginning Reading Instruction, Pitts,-

burgh, April, 1976 and Barbara Burk, "How Children Learn to Mean Through

Oral and Print Activities." Presented at the Conference on Reading,

University of Missouri- Columbia, October, 1978.)

ActivitiesFunctions of Language

Instrumental
"I want"

Regulatory
"Do as I tell you"

Interactional
"Me and you"

1. Write caption6 for pictures and

stories.

.2. Create situations such as setting
up a store.

3. Ask others for things in writing
(ordering from an ad, letter to

Santa, information from.a resource
person).

.1. Make signs to express safety,

health, eating habits.
2'. Create in maps, pictures and print

directions to homes.
3. Write rules for 'pet and plant

care.
4. Write science experiments.

5. Write recipes.

1.; Use a classroom post office.
2. Set up work and interest groups

with elected officers as a club.

3. Form committees for special

projects.
4. Engage in partner reading qnd.

writing.
5. Engage in written conversation.

6. Write text through the language
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7.

8.

experience activity.
Share work with other children,
groups or classes.

Work together to write and act out
plays.

Personal
"Here I come"

1. Write books about own interest,
letters to penpals, autobiograph-
ies, personal survey.

2. Express feelings through dis-
cussions and writing and draw-
ings.

Heuristic
"Tell me Why"

1. Discuss, read, and write about
points of interest in, science,
math, social studies.

2. Ask and answer questions through
direct experiences (make apple
butter, visit petting farm, fire
station, etc.).

3, Read to children daily.
4. Children read and write daily.

Imaginative 1. Story-telling, drama.
"Let's pretend" 2. Writing of plays.

Informational 1. Produce language by describing an"Something to tell you" object, event or person; make a
newspaper, a poster, a repOrt.

2. Send messages.

Every teacher waits for an incident which makes all her years of trainingand devoted work seem worthwhile. The moment I cherish came when I'was in-
terviewing children about reading. "What would you like to do better as areader?" I. asked. "I'd like to write books for kids," some replied. "I'dlike to be a writer," others responded. "Maybe someday I'll be a famousauthor," answered several more. Why did these replies excite me as a'read-ing teacher? Because these children had underscored the basis of my readingtheory--that, in constructing meaning for others through` writing, childrengain the unders.tanding that reading is a process of getting meaning fromPrint.

From the very beginning of school, I address my first graders as readers andwriters. An exciting atmosphere prevails, one in which risk-taking, experi-
mentation, and persistence in reading and writing are accepted and en-couraged, withan emphasis on mmaking sense."

Robyn, using a picture as a stimulus, writes...
My wave's ror i make reflektions i carry boats for i .am the river
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In writing to a professional author, it is obvious that Matt views himself

as an author as well:

Dear Waiter
I Like The Book you roet The Drragen taeks a wiEF. I Like KietS

and Drragens alot. .I Like To Make BookS too. How Log did it take to

riet the Book? I will sand you a Book I Maes. Waet is Your aaedrrase?

and ziq cowd?

from Matt K.

After deliberately stomping on my bare toe with his combat boot, Bill, the

class challenge who would test any teacher's endurance, writes...

Dear Ms Copelan
I am vre sre for stopeg on yor feet and doegg rag tag I am goyg to

bee good

From Bill

Not too many years ago I would have viewed these writing pieces suite
differently, focusing upon spelling, punctuation, and grammatical errors,

and overlooking the power of children as meaning makers. I firmly believe

that these children write because the classroom atmosphere encourages taking

risk with language and because they know they are respected as individual

learners.

In my ninth year as an,: elementary teacher, I began to question ,my method of

teaching reading, upon hearing of the approach called "whole language."

Because I needed and wanted justification and proof of its effectiveness, I

began a five-year graduate program in the area of reading, and became

actively involved with research in my:own classroom to determine what in-

structional method would most'benefit my students.

Like many other teachers, I previously relied. on.my.textboOk manuals and

standardized tests td guide my instruction, not formulating a personalized

theory base. of teaching reading. Due to the' information, research, and

mostly the progress of my students, I formed a strong theory base which

reflects the whole language approach.

Whole language teachers foremost respect children striving to learn the

reading and writing processes. A whole language classrooM. is a place in

which children can continue their language learhing in a positive way, one

in which they can take risks, not being afraid to make mistakes while making

sense of their world. The whole language teacher is concerned, with the

effect schooling has an children, realizing that classroom encounters can

make the difference between children becoming active learners and passive

casualties of the educational system.

Teachers become facilitators of language learning with a major goal being to

issue invitations to students to read and write, helping them become respon-

sible owners of their own language. They are encouraged to be risk-takers
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and independent decision-makers. Invitations are offered with the use of a
vast number of materials and activities that give children a real purpose
for reading and writing.

The materials and activities offered in a whole language classroom take the
place of the all-too-frequent reading groups that waste readers' and
writers' time by using artificial reading activities and fragment language
by teaching isolated skills, consequently stifling progress and. frustrating:'
children.

The whole language approach personalizes that'reading program by meeting the
specific needs of each student. Children do not learn isolated skills, then
read and write, but become proficient readers and writers by reading and
writing. When children learn to ride bicycles, we don't tave them memorize
all the parts before getting on to ride. Instead, they learn by riding,
falling, and trying again. They learn through practice and mistakes.

By sampling print, predicting, confirming or rejecting their predictions,'
children construct meaning--through reading.

By.selecting and considering topics, drafting, revising and editing, child-
ren construct meaning through writing. Their writing should never be judged
on the basis of a rough draft. After all, how many writers stop there? We
may have lost many gifted writers because the expectations of teachers con-
cerning quality in writing (form) were-out of perspective with the focus ofthe child (message).

April:
Terry, a new boy in class, writes a story:

A tger A gril

Writing from the perspective of 'a puppy, Matt J. produces a rough draft, to -

be revised, and then edited.

After Matt writes his rough draft, he and I hold a conference, in which he
finds many of his punctuation, spelling, and grammatical errors... After the
.revision process, he consults friends and the dictionary to share his final
story.

My brother Russell and I were playing when we were getting ready to be
sold. We heard Matt say that he need a puppy. We tried to be real
good so that we could be one of the puppys. Then we found out how it
was. When we got home he shut us up and wouldn't let us out of the
house or feed us, so we got hungry. Finally he let us out but we had
to find .shraps. One day i told.hiu that a puppy ,was a big responsi-
bility and that he would have to feed us everyday and a puppy_ is not
just let in and out. He said that he didn't have enough money I said
you should have thought about it before you got.us'. So he got a doctor
feed and we got lots of food.

The following classroom activities are some frequently used in the develop-.,
ment and implementation of the whole language approach:
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a. A Sustained Silent Reading Program - in which the class silently

reads self-selected materials for a given period of time daily - is recom
mended because it is believed that children learn to read by reading as
suggested by FrankSmith in Reading Without Nonsense (1979).

b. Yours, Mine, and Ours Selections - This is an individualized method

of book choices. The Yours selection is made by the teacher. The Mine is

the student's choice made without adult influence. The Ours selection is
made by mutual agreement between reader and teacher. The class could be
divided into interest gtbups for discussion of reading material (Goodman and
Watson, 1977). A reading program to live with: Focus on Comprehension.

Language Arts, Nov./Dec. 1977, 54(7).

c. Personalized. Reading'- This is a method for providing books that
include stories of people Who have similar problems or experiences relating
to the reader. A good resource is The Bookfinder by Dreyer.

.d. Writing - In agreement with early writing researchers, an important
aspect of the whole language concept is the student's ability.to use writing

to get to reading. C. Chomsky "Write First, Read Later," ChildhOod Educa-
tion 1971, proposed that, by dealing.with writing before reading, children

will have the opportunity to become active participants in teaching

themselves to read..

Donald Graves suggests three stagesto encourage writing. ("Balance the

Basics: Let,Them Write. Learning, April, 1978.) First, there is a pre-

composing., stage which is a, preparation time for stimulation through art,
reading, dismiSSioni reflection or reaction to experiences. The next stage

is composing, When the actual construction of materials occurs. The last,
referred to as the post-composing stage, is the time to observe what child-
ren do.'with the product created. They may share it, solicit approval,

proofread,'edit or-ignore it. Graves believes, "Children should rate their
own work and be aided in developing their own criteria."

Since it is recommended that children be encouraged to use their writing

ability, some of the possible activities are: Sustained Silent Writing,
based mon the Sustained Silent Reading concept, a daily journal, written

.conversations, letters to pen pals, 'writing text for wordless books, making

their own fiction and nonfiction books.

e. 'Predictable. Books - Use of stories with predictable language allows
readers to predict what the author is going to say. The morereaders can
predict the content and the language of a story, the more readable the story

becomes to them, making the ,reading process more accessible to beginning

readers. Using predictable materials develops the readers' confidence in

their ability to handle print.

f. Extended Literature Activities - Involving children with good
children's literature is of prime importance; children need to be read to

daily.' The stories can also b used to stimulate additional reading and

writing activities. For example:
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The teacher reads The Little Old Man Who Couldn't nead by Irma S. Black.

This book relates to jobs, economics, reading, writing, art and math. After
the book has been read, discussion of the story follows. The children are
then encouraged to play a game using food product containers. As the
teacher holds up a box a 41ild reads the label becoming the owner. of that
box. After all the children. have an item they are given paper to make an
.advertising poster of their product. Discussion of how the posters will be
used in a groCery store they will set up follows in a brainstorming session
to decide how they should. set up thetstore. Such things ;F:s the jobs at
which people work in grocery stores, how various foods are arranged within
the store, and what customers need before going to'the store are discussed.
The store is then set up. Problem solving activities are centered on making
objects for the store, making money, making a cashier stand, making
advertisement6, where to place products, making shopping lists, actually
shopping. A field trip to a real grocery store adds valuable means of
bringing the child's real world to the classroom.

Material on makingmoney, grocery store 'settings,' food processing, are made
available for the children to read.

Using these types of activities raise a concern about the use of computers
in the classroom dealing with reading and writing because language learnihg
is being viewed as a social and natural process and the language arts curri-
culum is being generated by the,needs of students to interact with others to
become proficient language users.

To date the computer software I have seen comes directly out of a skills
acquisition model of reading. The focus is on small units of language.
(sound symbol relationships, syllables, morphems, etc.). At best, I've seen
rather. contrived short stories (one or two paragraphs). In effect,
the skills sheet or the textbook format of a' story followed by end of
chapter test questions has been transferred to the screen.

Because of my reading program t feel it is essential .that the use of
computers not be a means of providing meaningless time-wasting tasks; rather
the. use of computers should advance children in their encounter to become
pro4icient readers and writers, supportiVe of. the language arts. curricula
that respect children's natural language ability 'and desire to become
literate.
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TEACHING AND TEACHING WRITING IN THE AMERICAN SCHOOL

'Brooke Workman

English Department
West High School

Iowa City, Iowa 52240..

I have .been asked to describe and assess the teaching of writing in the
American high school today, as well as to reflect on computers in education.

That's a big job. If I were teaching. in New Zealand, a country which I
closely observed the past summer, I could analyze their writing program. It

is a national program, mandated and operated by the federal government in
the capital of Wellington. But here in the United States we live and work
in high schools'whose'teaChers, administrators, and curricula are guided by
myriad forces--local, state, national, individual and departmental.

So what is the Truth?

For the moment, 1 am going to
Transcendentalists who believed
covered by examining Microcosm.

take my direction from those 19th Century
that Higher'Truth or-Macrocosm can be dis-
And so I am going to discuss first Monday,

'September 27, 1982, at West High School in Iowa City, Iowa--especially in

Room 105. That's my school; that's my classroom. Microcosm. And then I
will try to relate my experience to what I believe is happening in America.

Macrocosm.

Teaching in an American High School: September 27, 1982

(1) 7:30 a.m.

I arrived at West High School with ten paperback copies of works by Ernest
Hemingway, which I had purchased at a Des Moines used book fair on Friday
night. Our low English department book budget needed some personal assis-
tance, and I was already thinking ahead to my spring seminar on the Nobel

prize winner. Even though that seminar wouldnow be three sections, I knew
that this was the perfect setting for teaching both literature and writing:
only, sixteen students in each section working together in a dynamic process
of in*depth study of a single author. Here we would read aloud, discuss
Hemingway's style and themeS, andexplore everything from pre- writing to
peer evaluation, from skill goals on such things as introductions and sen-

tence itence combining to composing and editing seven position papers in twelve

weeks..

With less than an hour before my first class, I hurried to the school office
for my mail and then to my classroom where I stacked the books and checked

my lesson plans for the day. My mail included an approval, without funding, -
for a one-day professional leave to attend a writing conference at Drake
University and a reminder that my faculty committee on writing course des-
criptions for next year's 9th grade handbook would meet Thursday. The

committee of four includes two English teachers.
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Just as I prepared to go to the media center for today's audio-visual equip-
ment, Electra Coucouvanlo came into the room--smiling. A senior Who had
been a member of my college prep classes last spring, she had just received
notification that she was a national finalist in the writing competition
sponsored by the National Council of Teachers of English (NCTE).

(2) 8:20 a.m., Period 1, American Literature

After taking roll, I retlrned the corrected 30 Line Alternate Basic Skills
Test answer sheets to those students who had voluntarily come in after
school last Thursday to improve what I believe are the cosmetics of writing-
-twelve mechanical skills ranging from spelling to parallel structure. Con-
cerned about student maintenance and consciousness of these important mecha-
nical skills, especially in content courses, I had developed a proofreading
test program which included review and instruction of the twelve skills, a
test with high interest content, a student diagnosis-sheet to record indivi-
dual errors, and a reward system for students willing to take an alternate
test after the answers had been discussed. I complimented those students,
noting an 80% improvement on their previous scores.

Next I announced that John Leggett, author and director of the University of
Iowa Writer's Workshop, had agreed to meet with our combined American liter-
ature classes next Monday to discuss writers and writing.

Finally, I reminded the students that Wednesday would be the day for writing
and proofreading their latest assignment, an analysis of a short story of
their choice. Though we had spent nearly four weeks discussing modern short,
stories and a method'of literary analysis, some students revealed very
natural concerns about focus. Some were concerned about the quality of
their latest drafts. I encouraged the first group to focus on two keyoques-
tions:. "Does your story relate to you, to your life? Can you relate to the
plot or a character or the central idea in. concrete terms of something you
have read or felt or done?" Then I set up appointments with the others to
see me during my conference period or after school today or tomorrow.

Now came the lessor:: the American author. Since I wanted my students to.
know something about people who write and publish, we had spent last Thurs-
day discussing how authors are publiShed and on Friday seen a film on Ernest
Hemingway. Now it was time for them to become actively involved through
research, speaking, listening, and writing. So, I described their next as-
signment, pointing to a list of fifty writers' names on the'chaikboard.
Each student would select an author; find ,anecdotal, biographical, 'and
literary material about the author; and present a speech which his/her
classmates would eventually use in writing a profile essay on what American
authors seem to have in common. After the students volunteered for their
authors, I began'their note-taking by giving a seven minute speech on Thomas
Wolfe. In the final minutes of the period, I showed slides of Thomas Wolfe
and the Munich Oktoberfest, having already discussed the writer's unfortu-
nate fistfight_at the fair in 1937 and his account of the flair in The Web
and.the Rock-(1939).

'9

200 203



(3) 9:20 a.m. to 11:20 a.m.

I repeated the American literature lesson to my second and third period

eections. NON_ I had taught a' total of 82 students..

(4) Lunch

During our half -hour lunch, I ate with a young English department colleague

and a student teacher of English. Kevin, who teaches one of our school's

three strictly defined writing Courses, was depressed. He had just read a

newspaper article about propOsals for encouraging mathematics and science

teachers. to stay in high schools. "They want to pay those teachers more

than the rest of us," he. said.. "This has got to be my last year. I have

all but the dissertation, but there :is no future in this profession." Kevin

'7Isa popular andl-trained English teacher, and I told him that he was

what young'people.despetatelkeped. '"1.1y the way," I asked, "how many hours

do you have in writing or the teaching of writing?" "At least thirty," he

told Then I asked the "student teacher the :same question. "I took

required .Rhetoric as a freahMan," she said, "and a friend and .I taught a

unit on writing in_our English methOd6 course.".:

(5) 11:55 a.m. , Period "4 -, American Humanities

This interdisciplinary elective of twenty-five juniors and Seniors had

finished "The Idea of CultOre" section and therrchosen tht10900's for study.

Last week 'they began reading social hiatoryfor their small group discus=

sions next week.

, Today,' I would initiate a,seCOnd assignment: Activity Committee's.

Activity committees would give 'the! students, an opportunity to explore the

1960's in a different way -- through 'research.; writing, speaking.i.

After, .I explained theChoiCes, they volunteered: some to make a Claestdom:

bulletin board to develop a visual conceptfefthe decade, otherstocollect

and present 1960!0 artifacts, And,aneVen larger .group. to make a classhand7

book. While the first two committee's would work CloSely together,,. the hand-

book committee would divide into writing teams on such things as "The Stoty

of the Year", slang, fadsaed-:fashions, "Man of Decade ",, and "Woman of the

Decade". desCribed the available materiAls'in_the'classroom And

the plans for tomorrow's research in the library and for committee meotings

(6) Conference Period, Sth.Potiod

No 'classes. now. rilurried,t6 the library toremind the head. librarian of

tomorrow's : researchers for both literature. ar10 humanities classes--and 1

::'took along .the _AV equipment for the media center. I knew that I must get

heckler myconferences-on rough drafts., An the halls I met Tukkar Hokan-

'scn, now e ,senior. and .another forMer student.. asked me to look at a

rough draft of `a paper that would be part of an application for becoming a

,PresidentialSchola6,,
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(7) My Gth Period is a 1930's section of American humanities, and Ipre-pared. them for Activity Commltteen--only I took .volunteers for a radioscript which they would tape as 645ir final product.

(8) 3:50 p.m,

The buzzer sounded, ending 6th Period, and I returned to my dosk to study
Tukkar's manuscript. I saw that he had good ideas and organization, but his
focus was too general,. too flat.' When he arrived, r suggested that he con-vey his love for Iowa City by doing what' he does host. "Take them on.bicycle ride," I suggested. "You are a champion racer,- and you have ridden
every street in this town." Tukkar smiled, his eyes widening. "That willwork. 'I'll do It!". he paid, reaching for his manuscript. Then he'headedfor the door, saying, "See you tomorrow."

Tomorrow. t began to think of tomorrow's lessons and those 82 short story'analyses for. Wednesday. Brain-wave, click: about ten minutes a paper, 820minutes, over 13 hours of correcting and suggesting, mostly at home.

And than I. was brought back to reality. "Could you help me?" a troubledvoice asked. There was Laurie Schintler, a junior from my 3rd period. Andbehind.herewas Phil Chu, another junior. "I think I understand my story,"Laurie meld, "but I would like to talk with'you about it 'before I beginwriting tonight." "Sure," I Said. "Let's talk about it."

. "Before you begin," said Phil, "is it all right if I turn in my analysis onComputer paper? We have a Word prom: 48°r at home."

Teach:ifs' Writing In America

The Trnnscondentalists believe that 'a drop of water reveals the river. Butcan an English and huManities classroom at West High School in a university
Community in the state of Iowa reveal anything about the state of writing in
America?', :I'm not sure. but I think so.

If I can rely on my experience and my reading of Public and professionaljournals, I think that I can transcend my immediate situation. And T. thinkI can. translate my September day .-and my 24 years of teaching and my workwith the NCTE, the National Education Association, and the North Central
Association into at least five observations..

One. The teachingefLwriting is an exercise in discourse. just what iswriting anyway? I have listened to inexperienced teachers and those who do'
not write give me their definition's: making an outline and then 'writing fromit; a live paragraph paper that always has a thesis in the introduction;
being conscious of mechanical errors and circling every one that is incor-
rect; a process that begins with outlining sentences and reviewing parts Of:speech. For me, writing is1 discourse, 6 complicated process, that involvesthinking. This thinking process includes talking, researching, :coaxing
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what one means to the surface through writing words on paper, being aware of

.an audience. Experienced teachers know that writing is more than'the neces-

sary cosmetics of spelling and punctuation or the relationship of grammar to

written expression.

Discourse also must ultimately answer an oven more important question. for.

our students* "why should one want to write anyway?" Again, experienced

teachers know that writing, whether it be an analysis of a short story or a

1930's-style radio script, is essentially self - expression based on ex-

perience, on a student's own perceptions. and research. ,They-know that lead-

ing students through the process of writing, from prevision to revision,

will not only give young people practical. nkilln for success on the job or

in college but also will make them better learners. Writing given students

a chance to review and revise their thinking, to match Jr, words what they

are thinking. Ultimately', this process contributes to remembering.

Through discourse, my ntudents creatz knowledge about themselves and thun

record their personal growth. The result in a kind of human development

that Henry David Thoreau once called "being alive".

Two. The teaching of 'writing shoulo occur in a .supportilA environment.

while exposure to a variety of writing modes can provide motivation, the

inexperienced writer also needs continual support from both peers and the

instructor. Unfortunately, most clansrooms are taught by those without much

formal training in the teaching of writing,' often in classrooms with more

students than recommended by Gene V. Vast,* and Mary Lee Smith of the Clans

Size and Instruction Project. Nevertheless, there are experienced teachers

who write and know how to create supportive environments through small group

activity, private conferences, positive and useful written comments, peer

evaluation, and recognition through local or-content publitation. Thane

teachers know that writing is hard'work with successes and failures; and

tfie.y. invite .other authors to their classrooms to sRare their experience.

Always they remain confident that students can write and can be helped to

write better.

Three. The teachin of writin in hard work often unrewardin drud or

often exploited and yet criticized by those who should support it. Wo live

in a society that delights in exploiting problems by oversimplifying. them,

then reacting to our oversimplifications, and finally reacting to our re-,

actions. Such hen been the case Since 1975 when Newsweek hit the panic but-

ton with itn cover story, "Why :Johnny Can't Write". A nation, then haunted

by Vietnam and Watergate, soured on the altruinm of the 1960'n with its'ho-

lief that education could solve most of our national problems, began to find

fault .. with the Miss Devoe* in the English claanroom. With the graphs chart -

ing the rise of inflation'and unemployment and the decline of standardized

tent acoren, there appeared the so-called."writing crinin" which wan part of

a broader "back -to-basics crisis".
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But some things did not change for my colleagues: bundles of themes to carryhome, large class sizes, a base salary that (lid not rise with the cost ofliving, and the old burden that writing is largely the concern of theEnglish department. ,Yet, some things, did change: declining budgets whichmeant problems of attending professional meetings and conferences, fewer of
our top students interested in becoming teachers, more television advertise-
ments encouraging students to call--not write, and more book companies gear-ing up their old grammar books and workbooks] on the 'cosmetics of writing.
Worst of all, many of our bent teachers have decided that it is time toleave the classroom. .As the Chairman of the University of Iowa EducationDepartment said recently, "How can you keep teachers who don't earn en much.as refuse collectors?"

Four. The teaching of writing hats undergone a revolution in the past twenty
years that is beginning to filter down to the classroom. It seems ironic
that as themi.-scary increased so did the exciting theory and research on theteaching of writing It iS more than sad that those same teachers who feelthey; cannot afford an NCTE membership or a trip to a writing conference (and
ere often not even allowed to attend such a conference by districts thatcannot afford substitutes) are just beginning to hear of the work of sucheducators as Janet Emig, Sondra Peri, Frank O'Hare, Linda Flower, Lee Odell,
- .'Tames Britton, Donald Groves, Nancy Martin, William Strong, Charles Cooper,Donald Murray, and ;tsm©n Moffett. However, thanks to the Carnegie Corpora--tion and the National Endowment for the Humanities, many teachers hove begun
to discover the revolution in teaching .,writing at summer writing projects.
Inspired by the 1974 Bay Area Writing Project. at the University of Califor-
nia at Berkeley, over eighty such programs now gntherteachers to write andto explore the new ideas about oral composing, dialect, free writing, sex-iam,.and holistic grading--to name a few, concerns of the writing process.

Now the revolution is providing weaponry against what -Frank Smith calls the
twenty-two myths about: writing, which include: "People who do not them-
selves enjoy and practice writing can teach children how to write."

-
Five. '1]2!cm22LnLta tool not fully understood by. most teachers of'writing. -,The computer is largely uncharted frontier. While the 1981 NCTE
English Journal may contain an article entitled "Electronic Editing an a,Tool" and the 1982 October session of the Phoenix' Southwest Writing Con-
ference may include a presentation on "Micro-computers in the Language Arts
Classroom",' most. English teachers still work with books, paper, pencils,pens, and chalk. My high school has six Apple II computers- -for. the mathe-
matics department. We have no word processors. None of my English collea.-
Ties owns a computer or processor.

For most teachers concerned about budget, paperbacks, textbooks, and the
XEROX machine, the computer is no more real than Walt Disney's TRON. Andthey must be forgiven for, their skepticism, if. not, for their concern,Tbe-
cnuse they have read wall their. Orwell, Huxley, -and Vonnegut. They are
concerned about machines that could replace them- -or even worse destroy the
supportive olaanroom. "Don't let them sell you an electronic workbook,"
they told me after. I ,described the Pittsburgh conference. They do not
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understand how a computer can correct all those bundles of essays, how it

can narrow a topic or create concrete support, define a student's exper-

ience, and humanly and humanely reinforce learning.

I don't know. I'm not sure. But I admit that I am afraid of losing the

irreplaceable. Perhaps I can best explain my feeling by quoting a note that

I recently received from a former student now at Carleton College:

Dear Dr. Workman,

I was in the bo.kstore and when I saw this card I couldn't resist

sending it to you. I'm seriously considering sending one of these to

ole J.D. himself. I even found another Salinger nut--I live in an

apartment with four girls, one of whom is a Salinger freak like

myself. That was the best class! I think I have yet to write a

paper that I was more satisfied with than the ones I wrote for that

'seminar.

Jennifer

Jennifer had gone through an intensive reading and writing process. She had

defended her papers in front of the- group and later written a hilarious

parody of J.D. Salinger. She had thought about everything from Zen Buddhism

to the problems of non-conformity. Will computers be able to create the

depth, of her experience?

Of course, I also know Phil Chu. I like him, and he writes well. I even

envy his word processor, as I did those owned by three-seminar students last

spring. And I worry about my other students. When former FCC commissioner

Nicholas Johnson visited my classroom and told my students that they had

better learn about computers or be doomed, I worried about that. While I

cannot see myself in Alvin Toffler's electronic cottage, I think that I am

ready to ride the Third Wave. After all, I have just begun to understand

the writing revolution created by my own colleagues.- If computers--or any-

thing for that matter--can enrich the lives of my children, my students,

thenhey!--I am ready to listen and to learn.
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CULTURAL LITERACY*

E.D. Hirsch, Jr.
DepartmerA_Of English

67,p Virginia

Charlottesvilleirginia 22901

I. The Dispersed Curriculum and the New Illiteracy

For the past twelve years I have been pursuing technical research in the
teaching of reading and writing. I now wish to emerge from my closet to
declare that technical.research is not going to remedy the national decline
in literacy that is documented in'the decline of verbal scores. We alreadyknow enough about methodology to do a good job of teaching reading and.writing. Of course we would profit from knowing still more about teaching
methods, but even using computers, better teaching technique alone wouldproduce only a' marginal improvement'in the literacy of our students.
Raising their reading and writing levels will depend far less on our methodsof instruction (there are many acceptable methods) than on the specific
contents of our school curricula. Commonsensical as this proposition mightseem to the man in the street, it is regarded as heresy by many (I hope by
ever fewer) professional educators. The received and dominant view of edu-
cational specialists is that the specific materials of reading and writing
instruction are interchangeable so long as they are "appropriate,", and "high
quality."

But consider this historical fact. The national decline in-our literacy hasaccompanied a decline in our use of common, nationwide .materials in the
subject most closely connected with literacy "English." From the 1890's to
1900 we taught in English courses what amounted to a national core curricu-lum. As Arthur Applebee observes in his excellent book Tradition and Reform
ih the Teaching of English, the following texts were used in those days in
more than twentyfive per cent of our schools: '"The Merchant of Venice,"
"Julius Caesar," "First Bunker Hill. Oration," "The Sketch Bobk,"
"Evangeline," "The Vision of sir Launfaf," "Snowbound," "Macbeth, "The Ladyof the Lake," "Hamlet," 'The Deserted Village," Gray's "Elegy,"
"Thanatopsis," "As You Like -It." Other widely used works will :trike a
resonance in those who-are over fifty:. ."The Courtship of Miles Standish,""Il Penseroso," "Paradise Lost," "L'Allegro," "Lypidas," "Ivanhoe," "David
Copperfield," "Silas Marner," etc., etc.

Then in 1901 the College Entrance Examination Board issued its first "unie-
form lists" of texts required to be known by students in applying to col-leges. This core curriculum, though narrower, became even'more widespread
than the earlier canon. Lest anyone assume that I shall urge a return to

*A version of this paper will appear in the Spring 1983 issue of. The
American Scholar.
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'those. particular texts, let me at once deny it. By way of introducing my

subject, IsimPly want to claim that the decline in our. literacy and the

decline in the commonly shared knowledge that we acquire in school are caus-

ally related facts. Why this should be so, and what we might do about it,

are my twin subjects.

That a decline in our national level of literacy has occurred few will seri-

ously doubt. The chief and decisive piece of evidence for it is the decline

in verbal SAT scores among the white middle class. (This takes into account

the still greater lowering of scores caused by an increased proportion of

poor and minority students taking the tests.) Now scores. on, the verbal SAT

show a high correlation with reading and writing skills that have been
tested independently by other means. So, as a rough index to the literacy

levels of our students, the verbal SAT is a ref le guide. That is unsur-

prising if we accept.the'point made by John Carroll and others that the ver-

bal SAT is chiefly a:vocabulary test, for no one is surprised by a correla-

tion between a rich vocabulary and a high level of literacy. A rich vocabu-

lary is not a purely technical or rote-learnable skill. Knowledge of words

is an adjunct to knowledge of cultural realities signified by words, and to

whole doMains of experience to which words refer. Specific words go with

specific knowledge. And when we begin to contemplate how to teach specific

knowledge we are led back inexorably to the contents of the school curricu-

lum_ whether or not those contents are linked, as they used to be, to

specific texts.

From the start of our national life, the school curriculum has been an espe-

cially important formative element of our national culture. In the schools

we.not only tried to harmonize the various traditions of our parent cul-

tures, we also wanted to strike out on our own within the dominant British

heritage. Being rebellious children, we produced our own dictionary, and

were destined, according to Melville, to produce our own Shakespeare. In

this self-conscious job of culture-making the schools played a necessary

role. That was especially true the teaching of history and English, the

two subjects central to culture-making. In the nineteenth century we held

national conferences on school curricula. We formed The College Board,

which created the "uniform. lists" already referred to. The dominant syrribbl

for the role of the school was the symbol of the melting pot.

But from early times we have also resisted this narrow uniformity in our

culture. The syMbol of the melting pot was opposed by the symbol of the

ste.7 pot, where our national ingredients kept their individual charac-

teristics and contributed to the flavor and vitality of the whole. That is

the doctrine of pluralism. It has now become the dominant doctrine in our

schools, especially in those subjects, English and History, which are

closest to culture-making. In math and science, by contrast, there is wide

agreement about the contents of a common :Curriculum. But in English

courses, diversity and pluralism now reign without challenge. I am per-

suaded that if we want to achieve a more literate culture than we now have,

we shall need to restore the balance between these two equally American

traditions of unity and diverSity. We shall need to restore certain common

contents to the humanistic side of the school curriculum. But before we can

make much. headway in that direction, we shall also need to .modify the now
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dominant educational principle which holds that any suitable materials of
instruction can be used to teach the skills of reading and writing. I call
this the doctrine cf educational formalism.

II. Formalism and Pluralism_in the Schools

The current curriculum guide to the study of Engish in the State of
California. is a remarkable document. In its several pages of advice to
teachers I do not find the title of a single recommended work. 'Such."curri-
cular guidet" are produced on the theory that the actual contents of English
courses are simply vehicles for inculcating formal skills, and that contents
can be left to local choice. But wouldn't even a dyed-in-the-wool formalist
concede that teachers might be saved time if some merely illustrative, non-
compulsory titles were listed? Of course; but ,another doctrine, in alliance
with formalism, conspires against even that concession-to content--the doc-
trine of pluralism. An illustrative list put out by the state would imply
official sanction of the cultural and ideological values expressed by the
works on the list. The California Education Department is not in the busi-
ness of imposing cultures and ideologies. Its business is to inculcate.
"skills" and "positive self-concepts", regardless of the students' cultural
background. .The contents of English should be left to local communities.

This is an attractive theory to educators in those places where spokesmen
for minority cultures are especially_ vocal in their attack on the melting,
pot idea. That concept, they say, is nothing but cultural imperialism.
(true), that submerges cultural identities (true), and gives minority child-
ren a sense of inferiority (often true). In recent years such attitudes
have led to attacks on teaching school courses exclusively in standard
English; in the bilingual movement (really a monolingual movement) it has
led to attacks on an exclusive use of the English language for instruction.
This kind of political pressure has encouraged a retreat to the extreme and
untenable educational formalism reflected in the California curriculum
guide.

What the current controversies have really demonstrated is a truth that is
quite contrary to the spirit of neutrality implied by educational formalism..
Literacy is not just a formal skill; it is also a political decision. The
decision to want a literate society is a value-laden one that.carries costs
as well as advantages. English teachers by profession are committed to the
ideology of literacy. They cannot successfully avoid the political implica-
tions of that ideology by hiding behind the Skirts of methodology and
research. Literacy implies specific contents as well as formal skills.
Extreme formalism is misleading and evasive. I wish now to illUstrate that
point with some specific examples.

III. The Limitations of Formalism

During most of the time that I was pursuing research in literacy I was, like
others in the field, a confirmed formalist. In 1977 I came out with a book
on the subject, The Philosophy of Composition, that was entirely formalistic
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in outlook. One of my arguments, for instance, was that the effectiveness
of English prose as an instrument of communication gradually increased,

after the invention of printing, through a trial and error process which .

slowly uncovered some of the psycholinguistic principles of efficient commu-
nication in prose. I suggested that Freshmen could learn in a semester what
earlier writers. had taken centuries to achieiie, if they were directly taught
those underlying psycholinguistic principles. (With respect to certain
formal structures of olaUses, this idea still seems valid.) I predicted
further that we'Could-learn how to teach_ those formal principles still more
effectively if we pursued appropriately controlled pedagogical research.

so intent was I upon this idea that I undertook some arduous research into
one of the most important aspects of writing pedagogy -- evaluation. After
all, in order to decide upon the best methods of inculcating the skills of
writing, it was essential to evaluate the results of ,using the different
teaching methods. For that, we needed non-arbitrary, reliable techniqUes
for evaluating student writing. In my book I had m.3e some suggestions
about how we might do this, and those ideas seemed cogent enough to an NEH
panel to get me a grant to go forward with the research. For about two
years I was deeply,engaged in this work. It was this detailed engagement
with the realities of reading and writing under controlled conditions that
caused me finally to abandon my formalistic assumptions. (Later on I dis-
covered that experimentation on a much bigger scale had brought Richard C.
Anderson, the premier scholar in reading research, to similar conclusions.)

The experiments that changed my mind were, :,riefly, these. To get a non-
arbitrary evaluation of writing, we decided to base our evaluations on
actual audience effectt. We devised a way of comparing the effects of a
well- written and badly written version of the same paper. Our method was to

pair off two large groups of readers (about a hundred in each group), each
of whom when given the same piece of writing would read it collectively with

the same speed and comprehension. In other words, we matched the reading

skills of these two large groups. Then, when.one group was given a good
version and the other given a degraded version, we measured the overall
effect of these stylistic differences on speed and accuracy of comprehen-
sion'. To our delight,,we discovered that good style did make an appreciable
difference, and that the degree of difference was replicable and predict-
able. So far so good. But what became very disconcerting about these
results is that they came out properly only when the subject matters of the
papers were highly familiar to our audiences. When, later in the experi-
ments, we introduced unfamiliar' materials, the results were not only messy,
they were "counterintuitive," the term of art for results that go against
one's expectations. (Real scientists generally liketo get counterintuitive
results, but we were not altogether disinterested onlookers, and were dis-
mayed.) For, what we discovered was that good writing makes very little
difference when the subject is unfamiliar. We English teachers tend to

believe that a good style is all the more helpful when the content is diffi-

cult, but it turns out that we are wrong. The reasons for this unexpected
result are complex, and I will not pauSe to discuss them at length, since
the important issues lie elsewhere.
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Briefly, good style contributes little to our reading of unfamiliar material
because we must continually backtrack to test out different hypotheses about
what is being meant or referred to. Thus, a reader of a text about Grant
and Lee who is unsure just who Grant and Lee are would have to get clues
from later parts of the text, and then go back to re-read earlier parts in
the light of surer conjectures. This trial-and-error backtracking with
unfamiliar material is so much more time-consuming than the delays caused by
a bad style that style begins to lose its importance as a factor in reading
unfamiliar material. The contribution of style in such cases can no longer
be measured with statistical confidence.

The significance of this result was, first of all, that one cannot, even in
principle, base writing evaluations on audience effects--the only non-arbi-
trary principle that makes any sense. The reading skill of an audience is
not a constant against which prose can be reliably measured. Audience
reading-skills vary unpredictably with the subject matter of the text.
Although we were trying.to measure our prose samples with the yardstick of
paired.audiences, the contrary had in effect occurred; our carefully con-
trived prose samples were measuring the:_ background knowledge of our audi-
ences. For instance,' if the subject of a text was "Friendship," all
audience pairs everywhere we gave the trials exhibited the same
differentials. Also, for all audiences, if the subject was "Hegel's
Metaphysics", the' differential between good and .bad .writing tended to
disappear. Alsoi so long as we used university audiencesa text on "Grant
and Lee" gave the same sort of appropriate results as did a text on
"Friendship". But for one Community College audience (in Richmond,
Virginia!) "Grant and Lee" turned out to be as unfamiliar as "Hegel's
Metaphysics"--a complacency-shattering result.

While the variability of reading skills within the same person was making
itself disconcertingly known to me, I learned that similar variability was
showing up in formal writing skills--and for the same reason.. Researchers
at the City University of New York. were finding that When a topic is unfami-
liar, writing skill declines in all of its dimensions--including grammar and
spelling!--not to mention sentence structure, parallelism, unity, focus, and
other skills taught in writing courses. One part of the explanation for
such results is that we all have limited attention space, and cannot, pay
much heed to form when we are devoting a lot of our attention to unfamiliar
content. But another part of the explanation is more interesting. Part of
our skill in reading and in writing is skill not just with linguistic struc-
tures but with words. Words are not purely formal counters of language;
they represent large underlying domains of content. Part of language skill
is content-skill. As Apeneck Sweeney profoundly observed: "I gotta use
words when I talk to you."

When I therefore assert that reading and writing skills'are content-bound, I

mean also. to make the corollary assertion that important aspects of reading
and writing skills are not transferable. The content-indifferent, how-to
approach to literacy skills is enormously oversimplified. As my final exam-
ple of this, I shall mention an ingenious experiment conducted by Richard C.
Anderson and his colleagues at the University of Illinois. It too was an
experiment with paired audiences and paired texts. The texts were two
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letters, each describing a'wedding, each of similar length, word-familiar-

ity, sentence complexity, and number of idea units.. Each audience group was

similarly paired according to age, educational level, marital status, sex,

profesSional specialty, etc. Structurally speaking, the texts were similar

and the audiences were similar. The crucial variables were these:- one.

letter described a wedding in America, the other a wedding in India. One

audience was American, the other Indian. Both audiences read both letters.

The results were that the reading skills of the two groups--their speed and

accuracy of comprehension--were very different in reading the two linguisti-

cally similar. letters. The Americans read about an American wedding skill-

fully, accurately and with good recall. They lid poorly with the letter

about the Indian 'wedding. The reverse was the case with the group of Indian

readers. Anderson and his colleagues concluded that reading is not just a

linguistic skill, but involves translinguistic knowledge beyond the

abstract sense of words. They suggested that rea ing involves both "lingu-

istic-schemata" (systems of expectation) and "cont nt-schemata" as well. ,In

short,.the assumptions of educational formalism ar incorrect.

IV. The Concept of Cultural Literacy

Every writer is aware that the subtlety and complexity of what can be con-.

veyed in writing depends on the amount of relevant ta.cit knowledge that can

be assumed by readers. As psycholinguists have shoWn, the explicitly stated

words on the page often represent the smaller part! of the literary trans-

action. Some of this assumed knowledge involves such 'matters as generic

conventions, i.e., what to expect in a business le9er, a technical report,

a detective story, etc. An .equally significant part of. the assumed know-

'ledge-7oftena 'more significant part--concerns tacit\knowledge of the exper:

iential realities embraced by the discourse. Not only have I, gotta use

words to talk to you, I gotta assume you know something about what I am

saying. If-I;had to start from scratch, I couldn't start at all..
1

We adjust for this in the most casual talk.. It hpie been shown that we

always explain ourselves more fully to strangers than to intimates. But,

when.the strangers being addressed are some unknown Collectively to whom we

are writing, how much shall we then need to explain ?i This was one of the

most diffiCult authorial problems that arose with the advent of printing and

mass literacy. Later on, in the eighteenth century, Dr. Johnson confidently'

assumed he could predict the knowledge possessed blfl a personage whom he

called "the common, reader." Some such construct is Olecessary fiction for

every writer in every literate culture and sub-culture. Even a writer. for

an astrophysics journal must assume a "common reader' for the sub-culture

being addressed. A newspaper writer must also assume a "common, reader" but

for a' much bigger part of the culture, perhaps for the literate culture as a

whole. In our own culture, Jefferson wanted bo..create a highly informed

"common reader," and he must have assumed the real existence of such a per-

sonage when he said he would prefer newspapers.without overnment to govern-

ment without newspapers. But, without appropriate, acitly shared back-

ground knowledge, people cannot understand newspapers. A certain extent of

shared, canonical knowledge inherently necessary to a, literate democracy.
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For this canonical information I have proposed the term "cultural literacy."
It is the translinguistic knowledge on which linguistic literacy depends.
You cannot have the one without the other. Teachers of foreign languages
are aware of this interdependency between linguistic proficiency and
translinguistic, cultural knowledge. To get very far in reading or writing
French, a student must come to know facets of French culture quite different
from his own. By the same token, American children leaning to read and
write English get instruction in aspects of their own national culture that,
are as foreign to them as French.

National culture always has this "foreignness" with respect to family cul-ture alone. School materials contain unfamiliar materials that promote the
"acculturation" which is a universal part of growing up in any tribe ornation. Acculturation into a national literate culture might be defined as
learning what the "common'teader"of a newspaper in a literate culture could
be expected to know. That would include knowledge of certain values(whether or not one accepted them), and knowledge of such things as (for
example) the Fi:st Amendment, Grant and Lee, and DNA. In our own culture.
what should these contents be? Surely our answer to that should partlydefine our school curriculum. Acculturation into a literate culture (the
minimal aim of schooling- -we should aim still higher) could be defined as
the gaining of cultural literacy.

Such canonical knowledge could not be fixed once and for all. "Grant and
Lee" could not have been part of it in 1840, nor "DNA" in 1940. The canonchangeth, And in'our media-paced era, it might change from month to month- -
faster, at the edges, more slowly at the center, and some of its contents
would be connected to events beyond our control. But much of it is within
our control, and is part of our traditional task of culture-making. One
reassuring feature of our, responsibilities as makers of culture is the
implicit tend automatic character of most canonical cultural knowledge; we
get it through the pores. Another reassuring aspect is its vagueness. How
much do I really have to know about DNA in order to comprehend a newspaper
text directed to the common reader? Not much. Such vagueness in our back-
ground knowledge is a' feature of cultural literacy that Hilary Putnam has
analyzed brilliantly as "the division of linguistic labor." An immensely
literate person, Putnam claims that he does not know the difference :between
.a beech tree and an elm. Still, when, reading those words he gets along
acceptably well because he knows that-under the. division of linguistic labor
somebody in the culture* could supply more precise knowledge if it should be
needed. Putnam's observation suggests that the school curriculum can be
vague enough to leave plenty of room for local choice regarding what things
shall be studied in detail, and what things shall be touched on just far
enough to get us by.- This vagueness in cultural literacy permits a reason-

' able compromise between lock-step, Napoleonic prescription of texts on the
one side, and extreme laissez-faire pluralism on the other. Between these
two extremes we have a national responsibility to take stock of the contents
of schooling.

V. Cultural Literacy and Politics
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Although I have argued that literate society depends upon shared informa-

tion, I have said little about: what that information should be. That is

chiefly a political question. Estimable cultures exist that: are ignorant of

Shakespeare and the First Amendment. Indeed, estimable cultures exist that'

are entirely ignorant of reading and writing. onthe other hand, no culture

exists that is ignorant of its own traditions. In a literate nocioty, cul-

ture and cultural literacy arc nearly synonymous terms. Amorican cuiture,

always large and heterogeneous, and increasingly lacking -a common accultur-

ative curriculum, is perhaps getting fragmented enough to lose its coherence

as a culture. Television is perhaps our only national curriculum, despite

the justified complaints against,it an a partial cause of the literacy

decline. 'my hunch in that this complaint: is'overstated. The -decline in

literacy skills, I have suggested, is mainly a result of cultural. fragmenta-

tion. Within black culture, for instanco, blacks are more literate' than

whiten, a point that was demonstrated by Robert: Williams, an 1: learned

from a, recent article on the SAT by Jay Amberq. (American Scholar, Autumn

19020 The big political question that has to he decided first of all.is

whether we want a broadly literate culture which untLen our cultural fraq-

ments'enough- to allow us to write to ono another, and road what: our fellow

citizens .have' written. Our traditional, Jeffersoulan answer has boon , "you."

But even if that political decision remains the dominant one, an I very much

hope, we still face the much more difficult ix)litical. decision of Choosing

the contents of cultural literacy.

The answer to this question in not going to be supplied by theoretical spec-

ulation and educational. research. It: will be workod out :, if at all, by

discussion, .argument, and compromise. Professional, educators have under-

standably avoided this-political arena. Indeed, educators-should not be the

chief deciders of so momentous an issue as the canonical, contentn of our

culture. Within a democracy, educational technicians do not want and should

not he awarded the function that Plato reserved for. Philosopher Kings. But

who is making such decisions at a national level? :Nobody, I fear, because

we are transfixed by the twin doctrines of pluralism and formalism.

Baying made this technical.poin't .where I. have some exporttso, I must r

leave any protense ,of authority,'excopt as a parent and citizen. The ques-

tion of guidance for our national school curriculum is a political question

on which I have only a citizen'n opinion.' For my own part, I wish-we could

have 4 NatIOnal Board of Education.on the pattern of the Now york St :a to

Board of Regents--our most successful- and admirable body for educational

leadership. This imposing body of practical idealists is insulated by law

from short-term demogog.ic pressures. It is a pluralistic group, too; with

representation for minority as well an majority cultnron. Its influence for

good may be gauged by comparing 'the patterns of SAT scdren in New York with

those in California, two otherwise comparable states. To give-just one

example of the Regents' leadership in the field of writing, they have insti-

tuted a equiremtint that no New Yorker can receive a high school diploma

before passing a statewide writing test that requires three types Cpr4ise

composition.

Of course I am aware that the New York Regents have powers that no Na-tional

Board in this country could" possibly gain. But what a National Board'cOeld
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hope to achieve would be the respect of the country, a respect that could
give it genuine influence over our schools. Such influence, based onleadership rather than compulsion, would be quite consistent 'kwith ourfederalist and pluralist'principles. The Board, for instance, could present.broad lists of .suggested literary works for the different grades, listsbroad enough to yield local freedom, but also yield a measure of commonality
in our literary heritage. The teachers whom I krioW, while valuing their
independence, are eager for intelligent guidance in such matters.

But I doubt that such a curriculum Board would ever be established in this
country.- So strong is our suspicion of anything like a central "ministry of
culture" that the Board is probably not a politically feasible idea. But
perhaps a consortium of universities, or of national associations, or of
foundations could make ongoing recommendations that arise,from broadly baseddiscussions of the national curriculum.

In any case, we need leadership at the national fevel, and we need specific
guidance.

It would be useful, for instance, to have guidance aboUt,the words that high
school graduates ought to know--a lexicon' that would include not just ordi-
nary dictionary words,_ but would also include proper names, important
phrases, and conventions. Nobody likes word lists as objects 'of instruc-
tion; for one thing, they don't work. But I am not thinking of such a lexi-con,as an object of .instruction. I am thinking of it rather as a guide toobjects of instruction. Take the phrase "First Amendment," for instance.That is a lexical item that can hardly be used without bringing in a lot of
associated information. Just what are the words and phrases that our school
graduates should know? Right now, 'this seemsto be decided by the makers of
the SAT, which is, as I have mentioned, chiefly a vocabulary test. Theeducational technicians who choose the words that appear On the SAT are:
already the implicit makers of our national curriculum. Is then theEduca-
tional Testing Service our hidden National Board of Education?, Does itsponsor our hidden nationalocurriculum? If so, the ETS is rather to be
praised than blamed. For, if we wish to. raise our national level of liter-
acy, a hidden national curriculum is.far better than no curriculum-a-t-al-li----

,How C ran.:computers help in raising our national level of literacy? I havesuggested that they will help very little if they are used merely.as skill-
enhancing devices.' But they could help a lot"if they are used as knowledge-
enhancing devices as well.. They could, for instance, give teachers quick
access to first-rate course materials on canonical subjects. They could
bring into being George Miller's wonderful idea, of an' automated dictionary.
This could do more than- just show an aardvark eating termites and doingother things that aardvarks' do. Suppose. a student asked his computer to
'ddfine "The First Amendment" (which, by the way, is not so listed in either
The Columbia' Encyclopedia or The American Heritage Dictionary). He might
get a twenty -word definition, and a quotation of a typical use. The machine
might then ask "BRANCH DEEPER?" and if the student said."Yes," he then might
get a brief history of the Bill of Rights, along with a select, up-to-date
bibliography. In a utopian world to which we surely could arrive, the
machine might offer to branch still deeper. But before that day arrived, we

0
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would want to be sure that at least the key canonical words/.Phrases, and

proper names had been put effectively into the data bank, at a depth of two

branchings. What a- tremendouS labor that would be! But what potential

benefits it could bring to our system.of education!

Where does this leave us? What issues, are raised? If I am right in my

interpretation ,of the evidence (and I have seen no alternative

interpretation in the literature) then we can only raise our reading and

writing skills significantly by consciously defining and extending our

cultural literacy. And yet our current national effort in the schools is

largely premised on a culturally neutral, skills-approach to reading and

writing. Should we insert terms like "Grant and Lee," "DNA," "The First-

Amendment"' into the SAT test? Should we re-examine the Whole humanistic

side of our educational enterprise in the schools? Do we really want a

twentieth-century literate democracy that corresponds to an eighteenth-cen-

tury Jeffersonian vision? The reader will forgive me if I get scared in
contemplating the number and power of those educators whose assumptions. I

may have. subverted, and if I feel like Dr. Johnson after he had challenged

the traditional unities of the drama:

I am almost frightened at my own temerity; and when I estimate the fame

and the,,strength of those that maintain the contrary opinion, am ready

to sink down in reverential silence; as Aeneas withdrew from the
defense of Troy, when he saw Neptune shaking the wall, and Juno heading

the besiegers.
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Exploiting Present Opportunities of Computers
in Science and Mathematics Education

Report of the Panel on Science and Mathematics Education.
Frederick Reif, Chair*

Educational Needs of Today's Technological Society

The functioning of our society -- our daily lives, our jobs, our national
economy and security'-- all depend increasingly on scientific and,technolo-
gical knowledge. 'Furthermore, many new information technologies (computers;
various video technOlogies, sophisticated communication technologies,...)
are increasingly permeating our society and transforming our lives. Indeed, .*
we.ardwitnessing.the beginnings of a second industrial revciution which is
proliferating-Machines that proaessinformation -- in, the same way as the
first - industrial revolution proliferated machines doing mechanical work.
The implications are likely to be as far-reaching.

Serious attention must, therefore, be.given to the following question: How
can our educaticonal system cope successfully with our increasingly vcienti-
fic and.technOlogicar seioietY?-.

.Needs and Challenges

There are obvious, but urgent, needs to prepare all people to function ade-
quately in the technological society in which. they will have- to. live and
work. A sufficient number-of such people must be highly.educated to become.
the .scientists or engineers who can advance knowledge and provide ,the inno-
vations required by our industries. A much larger number must. be-
to const9Ct, service, and-use the technological devices pervading our
society. all must be educated to achieve at least a minimal level of
"scientific and technological literacy"0..e., the knowledge needed to deal
adequately with the manifestations of science 'or technology in daily life,-
and; as citizens, to make adequately intelligent decisionsabout important
human affairs affected by scientific or technological cOniiderations..

Meeting these needs is particularly difficult because scientific and techno-
logical advances have Markedly.changed the nature of knowledge in. our
(a) .This knowledge is becoming so extensive and super- abundant that one may
rightfully' talk about a "knowledge explosion". (bThe knowledge is very
rapidly changing. Thus there are today many fields 'xibere.people may become
obsolete in, a few years unless they keep On learning new information and
skills. (6) The knowledge is increasingly abstract and highly_ symbolic.
,,For example, the machines.of a few decades ago (e.g., ,'engines or automo-
biles) had levers and gears which could readily be seen and touched; but the
information, 'machines of today (e.g.; computers or television) function
'because of invisible electrons, electro- magnetic fields, or other abstract
concepts.

Mr. Reif is a member of the Department of Physics and Group in Science
and Mathematics Education, University of California, Berkeley, California.
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In former times most people could cope with. available knowledge by remem-
bering useful factual information and applying it in fairly standard ways.
But this is no longer sufficient today When knowledge is so abundant, rapid-
ly changing, and abstract. Coping successfully with such knowledge requires
judicious decision - making to select. pertinent infOrmation from vast amounts
of knowledge, skills of abstract reasoning, problem-solving skills for deal-
ing flexibly with diverse or new situations, and skitiS of independent
learning needed to acquire and'apply'new knowledge. These are all highly
Sophisticated intellectual skills, much more demanding than the remembering
of factual information. Teaching such intellectual skills effectively is a
major educational challenge and one difficult to achieve. Yet it is a

challenge which must be addressed.if people are to be prepared to function
adequately in cur technological society.

Major dangers loom ahead if these educational needs and challenges are not
adequately met. Individual persons, unable to cope effectively with .a
scientific and technological. society, are in increasing danger of becoming
obsolete, unemployable, andmarginal in the society. Furthermore, if our
nation is unable to cope effectively, it is in danger of becoming economi-.
Oally less viable and productive, losing out to foreign competition; jeopar-
,dizing its security, and imperiling a democratic system dependent upon a
well-educated population.

Existing Educational.Difficulties'

The preceding educational needs and challenges contrast sharply with exist-
ing actualities. In many ways current educational systems and praCtices are
deficient in'meeting our society's needs in an increasingly _technological
world.

Indeed, Xhake is a growing awareness of present educational inadequacies.-
For example, a recent report ,..prepared by a special commission of the
National SCience Board (the policy-making body of the National Science Foun-
dation) asserts that "We appear to be raising a generation of Americans,
many of whom lack the understanding and the skills to particioate'fully in
the technological world in which they live and work.... The current and in-
creasing.shortage of citizens adequately prepared by their education to take
on the tasks needed for the development of our economy, our culture, and our
security is rightly called a crisis by leaders in academe, business, and

government.uil Even the popular press has displayed increasing concern
abut '"Current deficiencies in science and mathematics education. For
example, a,. recent issue of TIME Magazine states that "the U.S. is rapidly
becoming a high-tech society with low-tech education. "2

.

The difficulties extend considerably beyond students' inadequate exposure to
scientific or mathematical Subject matter.

(1) The knowledge and'skills taught in schools often,do not, adequately re-
- flect. changing circumstances and correspondingly changing student needs.
FUrthermore, most attention is focused on conveying factual information, but
few systematic attempts are made to teach centrally important intellectual
skills such as reasoning, problem solving, or independent learning.

2 1 7
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(2) Current teaching is often fairly ineffective and inefficient. For'in-
stance, studies have shown that, even after nominally good. performance in
science courses, students may emerge with rather superficial understanding.
'or example, such students often display gross misconceptionsof scientific
concepts and may be quite unable to apply their knowledge in real situa-
tions.

(3)- Current teaching methods are largely based on intuitive notions and
rules of rather than on systematic design exploiting reliable theo-
retical principles., In short, even when scientific topics are being taught,
the teaching methods used are quite unscientific (strikingly different from
the systematic and principled methods used to approach scientific or engi-
neering tasks).

(4) There is a marked shortage of-educational:resources., In particular,
there is an increasing shortage of adequately qualified science -and mathema-
tics teachers in primary and secondary, schools. Furthermore, many of these
teachers are over-worked, are burdened with time-consuming administrative
tasks, and have neither sufficient time nor opportunities to upgrade their
knowledge or improve their productivity.

(5) Access to adequate educational opportunities is difficult for some stu-
dents because of their geographical location (e.g., in rural districts), in-
dividual handicaps, or other special personal circumstances.

Present Educational Opportunities
Educational Potentialities of Recent Technological and Scientific.Advances

Although the growth of science and technology is at the root of many of our
educational problems, recent advances in some technologies and scientific
disciplines offer promising opportunities for solving some of these pro-
blems.

Recent years have witnessed impressive advances in computers and other in-
formation technologies (such as video-recorders, video discs, and new commu-
nication technologies). These technologies have become enormously more
powerful, cheaper, and more widespread throughout our society. In particu-'
lar, as a result of impressive advances in VLSI (very-large-scale integra-
ted) electronics, the last few years have seen the development of micro-'-

computers and their rapid spread. into homes, businesses,* and schools. -It is
almost certain. that these developments will continue. Thus one can expect
that, .within the next few years, powerful microcomputers, having capabili-
'ties:timilar to those of large-scale computers now available only in univer-
sities and majp:::businesses, will become available and cheap enough to be
owned by individuals and schools.3 Such microcomputers will also
increasingly be used in conjunction with other information technologies
(e.g., with- communication technologies to interconnect microcomputers, and
with video -discs to store visual or other information).

Recent,yearshave also witnessed impressive advances in `the psychology of
human information processing, artificial intelligence (the science of
designing' computers capable of performing tasks exhibiting human-like
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Computers provide powerful intellectual tools for calculating, for the word

procesGing involved in writing, for designing ,technological artifacts or

artistic creations, etc. These potentialities can be exploited to shift

educational emphasis from the teaching of routine skills to the teaching of

more sophisticated thinking skills of the kind increasingly important in our

technological society.

Computers can be used to design special "learning environments" which can

significantly foster student learning even in the absence of any formal in-

struction. In such environments students may perform simulated experiments

inexpensively and without danger to themselves, they can explore indepen-

dently to discover important new ideas, and they can "learn by doing" in';

contexts carefully adapted to their current capabilities.

Computers can be used to act as private non-human tutors, available to any

student at any time or place of his or her choice. They can be flexibly

adapted to the student's individual capabilities and rate of learning. They

have "personality, characteristics" facilitating learning, e.g., they can be

very patient and engagingly motivating, without being intimidating or embar-

rassing. Most important, they can be superb teachers (sometimes superior to

human teachers) if the teaching programs incorporated in the computers have

originally been designed by the best available talent investing extensive

time and effort in the preparation of the teaching programs. Finally, by

incorporating recent techniques of artificial intelligence, computers can

increasingly act as non-human tutors with genuine subject-matter expertise

and human-like intelligence.

Computers can potentially be used to provide detailed diagnostic information

about an individual student's currently existing knowlege, thinking skills,

and learning capabilties. Such diagnostic information can greatly, help

teachers and students to devise appropriate activities for teaching or

learning.

Finally, computers, used in conjunction with modern_ communication technolo-

gies, can be connected together into networks whereby individuals may read--=--

ily communicate and interact with each other. Thus it is possible to create

intellectual communities transcending the limits imposed by spatial proximi-

ty. For instance, students who are in some ways special (because of special

interests, special giftedness, or special handicaps) could interact closely

with similar students in remote schools or homes ---and might thus overcome

the sense of isolation felt by them because of their special,status in their

own-school.

When :all the preceding capabilities of computers are used in combination,

they offer the promise of outstanding educational effectiveness. (Some of

these capabilities will be discussed in greater detail in a later section

dealing with prototype development.)

Powerful means of educational distribution. Computers can be very effective

agents for distributing good education on a large scale.

Educational programs and methods incorporated in computers can penetrate al -

.most everywhere, especially as computers become increasingly widespread
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intelligence), linguistics, and 'related fields. Very recently. these
sciences have coalesced into a new interdisciplinary' field of "cognitive
science" dedicated to the detailed study of the thought processes of humans
or computers. Cognitive science is investigating complex thought processes

./_more systematically than traditional psychology, is providing' powerful new
modes of analysis and experimental methods,, has led to valuable theoretical
insights, and has attracted some good talent to work in this field.

These technological advances in 'computers and' other information tedhnolo-
gies,,,dombined with new insights from cognitive science, presently offer
some unique opportunities with far-reachin,practicaa implications. In par-
ticular, there exist prospects of developing an'applied science of human
thought processes, or "human knowledge engineering", capable of 'improving
human thought,pcocesses and designing more effective ways of using know-
ledge. (For example, such knowledge/ engineering is' being successfully
applied to tackle the formidable Intellectual problems encountered indesign .of complex. very - large- scale- 'integrated electronics.4) Correspond-ingly, there also exist promising/ opportunties of more scientific and
technological approaches . to edUcation,: particularly in science or
mathematics where complex symbolic thought processes are of utmostimportance.

Such innovative approaches to education, exploiting new information
technologies and building upon new insights about human thought processes,
could potentially go a long way-toward making education more effective and
meeting the educational needs discussed in the preceding section. Indeed,
these educational needs are too severe 'to be met by traditional approacheswhich focused predominantly on curricular innovation and teacher training.'
But more scientific and technological approaches to education offer the hope
of teaching sufficiently many students the sophisticated intellectual skills
required to cope with our technological society.

The next few' sections outline more specifically some of the, promising
educational opportunities offered by computers and other infOrmatiou
technologies, by the scientific analysis of human thought processes, and by
correspondingly new approaches to educational delivery.

Potentialities of Computers and other Information Technolgies

The following are some of the major educational opportunities made possible
by the judicious exploitation of presently available computers, used alone
or in conjunction with other new information technologies.

Versatile media of instruction. CompUters prOvide instructional media po-
tentially more flexible and effectiVe than books, movies,, audio or video
tapes, or other media. In particular, they can be used interactively, pre-
senting information as well as,reacting appropriately to questions posed by
students. They can involve students veryactively in their own learning.
They can also be readily adapted to the differing needs of 'individual stu-dents.

Powerful teaching. capabilities. Computers have some unique teaching capabi-
lities that can be practically exploited to achieve great educational effec-tiveness.
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throughout our society. Such educational programs may be used effectively
not only in' schools, but also in less formal environments such as homes,

offices, museums, community centers, etc. They. can greatly help and
supplement human teachers, but may be quite effective even in the absence of

such teachers.

Computers can potentially make excellent instruction available to all

studentS. This can be achieved if the teaching programs incorporated in the
computers are designed. by first-rate talent devoting extensive time and

effort to the preparation and testing of such programs. As a result of such

large initial investments in prograffi preparation, the quality of teaching

available to the majority of students can become appreciably better than

that currently available through teachers who often lack adequate time or

superior expertise.

Finally, instruction prepared for delivery by computers can be repeatedly

used, readily modified, and cumulatively improved- to remedy observed
deficiencies or to reflect changing circumstances.

Promotion of greater scientific literacy. . The increasingly widespread
availability of computers is likely to foster greater popular interest in

the uses of computers-'-and thus also to enhance people's motivation to

understand the quantitative and analytical moded of thinking required for

the effective use of computers. Such motivation can potentially be

exploited by deliberately designing computers to be readily usable by people

in all walks of life, to provide such people with appealing opportunities to

engage in quantitative thinking, and thus to promote greater mathematical

and scientific literacy,

Facilitation of teachers' administrative tasks. Computers can greatly

facilitate many of the burdensome record-keeping-and adbinistrative tasks

carried out by teachers. The valuable time freed in this way could

fruitfully be used by teachers for less routine and more productive

educaticinal activities.

Tools for educational research. Computers can be powerful tools for

research in education. For example; recent years have seen very fruitful
applications of computers in baSic,studies of human thought processes
relevant to education.

Important cautions. The educational potentialities of computer and other
inforMation technologies can be realized only if these technolOgies are used
with careful educational design based on adequate theoretical understanding.
As pointed out before, current. teaching methods are often fairly primitive,
unprincipled,-and ineffective. Hence the mere use of such teaching methods
with new computer technologies can not be expected to lead to substantial,
educational improvements.

Real dangers exist if the preceding warning is unheeded. A primary

preoccupation with technological hardware and gadgetry often leads

manufacturers-and technological enthusiasts to pay unduly small attention to

the less visible "software and educational design required for the

s
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effective functioning of the technology. Furthermore, flashiness and sheer
novelty are often prized more,' and likely to lead to quicker commercial
profits, than genuine educational effectiveness which may be less
immediately apparent.

Thus it is important to keep in mind that powerful technologies, unwisely
used, may not only be ineffective but harmful. For example, injudicious
educational uses of computers might merely spread mediocre education on a
large scale.

Potentialities of the Scientific Analysis of Thought Processes

As mentioned previously, recent developments in cognitive science provide
modes of analysis_ and insights that can be exploited for the principled
design of instruction and the effective educational application of
computers.

Understanding underlying thought processes. Traditional educational efforts
have focused predominant attention on overtly observable behavior and
products, e.g., on exhibited knowledge or on problem solutions. By
contrast, recent work on cognitive science has indicated the fruitfulness of
studying the underlying thought processes leading to such observable_
behavior or .products, e.g., the thought processes leading to the flexible
use of knowledge or the underlying thought processes needed. for solving
problems.

To gain adequate theoretical insights, underlying thought processes must. be
studied in sufficient detail to explain how the resulting intellectual
performance is achieved. For. example, in trying to understand the
underlying thought processes involved in problem solving,' one must specify
in detail how to ,describe situations, how to choose useful symbolic
representations, how to make judicious decisions to find a possible path
toward a solution, how to organize .relevant knowledge to facilitate the
retrieval of appropriate information, and so forth. The validity of
theoretical ideas derived from such analyses needs then to be tested, by
detailed observations of the thought processes of individual' persons.

The elucidation of underlying thought processes is a challenging task. For
example, experts in a field are often now_consciously.aware of ,the thought
processes and kinds of knowledge used by them (no more than most speakers
of a native language are aware of the underlying rules for forming correctly
structured sentences). Indeed, a major reason why students have learning
difficulties. is that teachers do not teach explicitly many important thought
processes and kinds of knowledge -- because they themselves are not.
'consciously aware of them.

Workers'in.artificial intelligence, who have tried to program computers to
perform, intellectual. tasks exhibiting ,human -like intelligence, need to be
very explicit in designing such Programs.and have 'thus, become acutely aware
of how difficult it is'to elucidate' underlying thought.processes ordinarily
outside the range of conscious human awareness. This is why recent work'in
artifficial intelligence is relevant to psydhological studies of human



thought processes and to educational concerns for teachihg complex intellee-

tual skills.

Practical educational applications. An improved understanding of underlying

thought processes offers promising opportunities for improving educational

effectiveness. Indeed, without an adequate understanding of this kind, it is

difficult to develop reliable approaches for teaching the complex intellec-

tual skills required in mathematical or scientififields.

As pointed out before, the Scientific analysis of thought processes is

beginning to be successfully applied in other'fields, such as the design of

complex electronic circuits4. There exist similar opportunities of

applying such analyses to educational applications, thus achieving more

principled and effective approaches to education. In particular, theoreti-

cal insights about underlying thought processes could then be deliberately

exploited' for the" systematic design of good instruction and for

well- conceived educational applications of computers.

Possibilities of New Approaches to Educational Delivery.

New technOlogical and scientific approaches to education, like those des-

cribed in the last couple of .sections, alloW educational tasks to be.

.approached in distinctly new ways, with potentially major serial benefits.

Conversely, the effective exploitation of th:t potentialitie of computers

.
and other new information technologies may require some distinctly new ways

of approaching educational tasks.

Optimized combinations of instructional means. Traditionally most educa-'

tional tasks have been implemented predoml:,Antly by human teachers in

face-to-face contact with students, even i.tha the teachls faded students in

large classes and had little time to give them individual attention. But

modern information technologies pemit educational tavl:s to be approached

from a more efficacious point of view. .After all, effective education can

today be provided not only by human teachers, but also by books, movies, au-

dio and video technologies, computers acting as private non-human tutors

in other capacities. Each these instructional means, including the human

teacher, has some unique st.rengths and some appreciable limitations. Better

educational effectiveneE.,-; can therefore be realized by careful design which

uses an optimum combination of such instructional means to attain desired

educational goals.

In particular, such instructional design would judiCiously aim to exploit

the unique.capabilities for each instructional means and try to minimize its

limitations. Human teachers would then be used to maximum advantage in

those situations Where their unique capabilities are most valuable. But

their potentialities Would not be wasted on other tasks better performed by

other media, nor would human teachers always necessarily play a central role

in:every educational task. furthermore, education would then become less

synonymous with schooling, with more education-effectively-provided in homes

and other informal settings.
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Exploitation .of significant initial .investments. Our present educational
system still operates largely like a cottage industry, i.e., it is highly
labor-intensive and uses many. small-scale repetitive efforts. But computers
and other new information technologies now make it realistically pOssible to
implement alternative educational approaches which, like modern :industry,
involve the effective exploitation of large initial investments. In pakti-
cular, large initial investments of talent, effort, and time could be made
to produce high-quality educational programs which would then be incorpora-
ted in computers and other information technologies. These initial invest-
ments would then be amortized by repetitive and widespread use of these pro -grams by many students.

The advantages resulting from such large initial investments would be simi-lar to those achieved in modern industries. where large -initial capital
investmentsare, of course, the rule. (a) Economies of scale might reduce
the educational costs per student. (b) Better education could be made
available to larger numbers of students, including those in remote locations
and those with special problems. (c) Some important educational
undertakings, of a kind and quality presently not attainable, mightsuccessfully be undertaken. The reason is that it would then be possible to
invest first-rate talent in systematic development efforts extending overprolonged periods of time, with attendant opportunities for cumulativeimprovements. (Analogous comments can be made about modern industry which
has been able to ,generate- sophisticated products which could not possibly
have been produced by a cottage industry. For)example, only enormous
initial investments in first-rate talent, in research and development; and
in extensive production facilities allowed:. modern indUstry to produce the
marvelous electronic calculators which are today so cheaply available toeveryone.)

Continuing education.' Our present educational system makes provisions'for
people's education until adulthood, but views their education as completed
after that initial time.. However, it is becoming increasingly necessary toprovide continuing education throughout persontl entire lives .so that
teachert, engineers, doctors, and most other people-can cope adequatel °y with
rapidly changing knowledge and thus maintain their professional competence.
Computers and other modern-information technologies can significantly help,by making good continuing education readily available to working adults in
their own homes or workplaces.

Research Needed to Realize the Opportunities

The preceding educational opportunities, made possible by recent advances in
computers and cognitive science, are both promising and attainable. How-
ever, the effective realization of these opportunities is far from simple or
automatic. In particular, it requires improved knowledge and understanding
about some important issues, i.e., it requires appropriate research.

Indeed, the successful utilization of educational technologies will probably
require scientific approaches similar to those which have proved so very
successful in exploiting technologies in most other fields. In all such
cases systematic approaches, based on adequate theoretical understanding,
have ultimately proved far more successful and cost-effective than haphazard

,
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efforts, have ensured cumulative progress and improvements, and have led to
impressive practical applications.' It would be very surprising if educa-
tional technologies were different in theSe respects.

Appropriate research, undertaken to exploit the educational applications of
computers, can also help to guard against some potential :dangers.' In

particular, it can help to avoid the discrediting of proMisingideas by poor
implementations, the wasting of money and other. valuable resources in

projects with poor pay-offs, or the use of.new educational tchnologies in
potentially harmful ways.

Two kinds of research seem predominately-needed at the present time. One.of
these is basic research undertaken to obtain improved knowledge and under-
standing of some fundamental issues important for the effective educational
utilization of computers. The other is applied research involving the

development of good prototypes exemplifying, on a relativ4A small

particular educational applications of computers and of ass;4a4d ir-t.rud-
tional methods. (Such prototypes can. provide very valuable information use-

ful for subsequent larger-scale applications.) ji

\.
The distinction between basic research and more applied prototype research

is not very sharp. Furthermore, these two.types of research can 'fruitfully
interact Frith each other. Thus basic research may often'suggeSt theoretical
ideas or methods which can best be tested in some prototype situations.

Conversely,. prototype research may often lead to questions' or difficulties
suggesting interesting basic investigations.

\

The important areas of needed research are those which would contribute sub-.
stantially to the realization of the educational opportunities discussed in
the preceding sections. At the 1982 Pittsburgh Conference on Research in
Computer's in Education, I and the other members of the Science and Mathe-
matics Group of that Conference tried to identify some particular lines of
research which'seem most needed and promising at the present time. Our con-

clusions and recommendations are summarized in the next several sections.
Needless to say, our. suggestions represent merely our own judgment and are
not meant to be exhaustive. Other lines of ,research might thus also be
worthy of pursuit if they can be shown to be needed and likely to be fruit--
ful.

The next section outlines some suggested lines of basic research and the
subsequent section some suggested lines of prototype research. Finally, the

last section recommends some ways for fostering the effective implementation
of these kinds of research.

Basic Research

The basic research needed for effective educational applications of compu-
ters involves research dealing with cognitive issues (i.e., with thought and
learning processes) as well as-research dealing with some pertinent social
Issues.
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Research on Cognitive Issues

Research on cognitive issues should build upon the methods of analysis and
the insights derived from recent work in cognitive science (e.g., the
psychology of human information processing and artificial intelligence).
The ultimate aim of this .research is to.obtain a sufficiently detailed
knowledge and understanding of complex human thought processes (of the kind'
encounteredin scientific and technological fields) to provide a sound
theoretical basis.for designing effective instruction provided by means of
computers, other new information technologies, or human teachers.

Thought and learning processes. It is clearly. important to obtain a better
understanding of the underlying thought processes needed to use scientific
concepts or to solve scientific problems (eSpecially since a major aim of
education in mathematics, science; or engineering is to teach students
conceptual and problem7solving skills in these fields).

One line of pertinent investigation, concerns the thought processes and
conceptual structures of novice students. Recent studies have revealed that
students approach learning task6 with many prior conceptions, acquired in
daily life, which are often remarkably resistant to change and present major
obstacles to the learning of new scientific concepts. Most of these studies
have been descriptive, reporting rich obserVations of the pre-scientific
misconceptions exhibited by students. It would be useful if future studies'
were somewhat more theoretical and analytic, aiming to understand why
students' conceptions are so resistant to change, how conceptual structures
can be effectively modified, or how. to predict common conceptual
difficulties exhibited by students.

Another line of useful investigation concerns the underlying thought
processes and forms of knowledge responsible for the good performance of
experts in mathematical or scientific_ fields. As pointed out previously,
much of this expert knowledge is "tacit", i.e., outside the range of
conscious awareness of the experts themselves. Studies designed to make
this knowledge more explicit are clearly important since they would lead to
a better underStanding of this knowledge and to more systematic.uays of
teaching such knowledge to students.

=

Another line of fruitful investigation, going beyond the study of experts,
concerns the underlying thought prOcesses and forms of knowledge leading to
good human intellectual performance--without'necessarily aiming to simulate
the behavior of actual experts. Such studies would forgo the assumption
that experts always perform optimally, could devise somethought processes
superior to those, of current experts, and could also design effective
thought "processes deliberately adapted to the limited capabilities of
students. Such studies, approached from the point of view of 'human
knowledge engineering", could contribute substantially both to education and
to the design of improved forms of human-computer interaction.

.

L .

Until very recently, theories of learning dealt only with rather simple
learning tasks. It is only now that, building upon newer insights into
human thought processes, attempts are being made to formulate detailed
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theoretical models of human learning in more -complex symbolic domains.
Studies dealing with the formulation and testing of such learning models are
obviously highly relevant to; instruction, particularly in intellectually de-
manding fields such.as science or mathematics. Indeed, studies of this kind

are crucial to develop theoretically well-grounded approaches to instruc-
tional design, approaches needed to produce more effective and efficient
learning-(with or without computers),

Knowledge structure. Recent work in cognitive science indicates that the
manner in which knowledge is structured can greatly affect the ease or dif-

ficulty.of using such knowledge for various intellectual tasks. Hence it is
important to understand more fully how people can organize and symbolically
represent knowledge so that it is useful fdr remembering information, re-
trieving selected information relevant to a particular situation or problem,
regenerating particular knowledge that has been forgotten, modifying or

generalizing existing knowledge, or. performing other intellectual tasks.

Studies enhancing our general understanding of these issues are also germane
to more specific investigations concerned with the knoWledge structures of
particular scientific domains. In 'particular; it is becoming increasingly

important to organize, scientific knowledge effectively, to identify core
knowledge which allows one to derive or subsume .large amounts' of related
knowledge, and to identify what. kinds of knowledge are most useful for dif-
ferent tasks or different kinds of- .students. Only in this way is it possi-
ble to be judiciously selective in what to teach and thus to help students
to cope with ever-increasing scientific knowledge. Indeed, without adequate
attention to effective knowledge organization, students will face increasing
difficulties in attaining even minimal competence in a particular domain,
and will increasingly be unable to transcend the bounds of excessively

narrow specialization.

Mental models. "Mental models" are relatively simple conceptualschemes
used by people.to explain or predict observable phenomena encountered by
them. Although such explanations and predictions may be qualitative' or
scientifically primitive, they can be very useful for dealing with the sur-
rounding world and with the complex devices (automobiles, computers, ...)

pervading our technological society. For example, they allow peOple to ob-
tain a functional understanding of how such devices work and to troubleshoot

them when they malfunction.

It would be of .interest to study more extensively what Particular kinds of
mental models are most useful for various kinds of tasks and kinds ofseo-
ple. Indeed, different mental models, of various degrees of complexity and
predibtive power, can be formulated to deal with the _same phenomenon or
device. For example, significantly different mental models are useful for
the designer of a car or computer, for the repairman who needs to maintain
and service these devices, or the lay person who needs to use these devices

in daily life.

A better understanding of mental models can have substantial educational im-
portance since it would allow one to teach students relatively simple, but

powerful, ways of thinking about complex ,phenomena or devices. It would

thus also help in efforts, to increase the scientific or/ technological
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literacy of students whose primary interests are not' scientific.

Relevant research in artificial intelligence. Although artificial intelli-
gence is primarily concerned with computers, some of the research in that
field is highly germane to educational applications. (a) Because efforts
to make computers behave intelligently require a great deal of explicitness
and precision, they can yield valuable insights about human thought
processes. (b) Work in artificial intelligence can provide very powerful
tools for educational applications of computers. For example, it promises
'to -,:lead to computers more readily usable by people without specialized
training about computerS. Hence it could greatly facilitate authoring
educational programs to be implemented by computers. (c) It can help to
make computers play the role of genuinely intelligent non-human tutors (in
applications,, which have now come to be called "intelligent computer-aided
instruction"). (d) It can also help in designing computers capable of
diagnosing' rapidly and 'effectively the existing knowledge or learning
readiness of individual students.

Meaningful evaluation. Reliable progress in education, and the educational
applications of computers, requires adequate evaluation of work undertaken
in this field. The difficulty is that most past efforts at educational
evaluation have not been adequately useful'or cost-effective because they
have focused on superficial measures, without elucidating the knowledge most
important-for ensuring further progress.

Studies are needed to provide more useful forms of evaluation. In particu-
lar, evaluations should be theoretically meaningful, i.e., they should pro -
vide .knowledge which can improve theoretical models of thought processes or
of instruction. Such improved theoretical' knowledge would then provide a
.reliable basis for improving subsequent educational applications.

.

Research on.Social Issues

Some research is needed pn social and psychological factors affecting the
introduction of new educational technOlogies and approaches' into existing-
q(1441 Pentfflit@ii RU011 rfflii0Orch should aim to provide insights and predic-
tive power sufficient to guide practical implementations.

Acceptance of educational innovations. Studies are needed to identify
factors' that lead people or institutions to.. resist or accept the introduc-
tion of new educational approaches or technologies. Such -studies.should
provide' improved understanding of the perceptions of teachers, students and
parents--as well as adequate knowledge about cultural and social factors
within present -day schools.

Knowledge of this kind could help to devise improved methods of communica-
tion and participation for modifying people's existing conceptions and faci-
litating their acceptance of change. For example, it would be desirable to
carry out, experiments where such methods are used to change the perceptions_
ofparents and teachers dbout present educational needs or about the merits
of-neweducational technologies.

Economic aspects. People are unlikely to acceptnew educational approaches
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and technologies unless they are persuaded that the entailed costs are rea-
sonable. But meaningful comparisons of. costs are subtle, particularly since
the exploitation of computers in eduCation would entail, a shift from small
recurrent' operating costs to larger initial- investments. Henceit would be
desirable to have some good analyses comparing the costs and benefite of'the
newer educational approaches with those of more traditional ones.

Prototype Research

The judicious educational application .of computers could be greatly further-
ed by relatively small-scale ,projects exemplifying useful applications of
Computers and serving as prototypes for subsequent deployments of education-
al,,technologyon a large scale. Aa) ,Such prototype projects can provide
valuable inf6rmation and theoretical insights if they are carried out care-
fully and treated like experiments perforMed under Well-controlled condi-
tions. (b) Different approaches can then bereedily explored and modified.
Furthermore, mistakes can be made on a relatively small scale where they are
relatiVely harmless and where they can be more easily diagnosed or remedied.
(c) A good working prototype can be very effective in persuading people to
adopt new approaches, oftenmore effe8tive than many published articles
without visible implementations.

To be useful, the,deVelopmentof prototypes must be undertaken in a "princi-
pled way", the design andiMplementation of the prototype should be
guided ,by explicit theoretical ideas about instruction.. The `subsequent
evaluation of the prototype should then try to elucidate why certain things
work or do not work--and should thus contribute to the refinement of thecr-
retical ideas useful in the future..

Prototype projects must be of high quality. Otherwise they may do more harm
than good, e.g.,they may discredit promising ideas by poor implementations.
Thus it would be preferable to have a smaller number of"high-quality proto-,
type projectei carried'out by good talent, than a larger number of projects
of_questionable quality.

Although prototype. projects may properly want to emphasize particular tech-
.,.nological or cognitive aspects involved in the edUcational applications of
computers, they should pay heed to the psychological and social factors im-
,portant in real contexts. Thus 'they should pay proper attention to motive-
.tional:factors affecting student learning. They should be aware that learn-
ihg-may be affected by collaboration or competition between students. They
should also.attempt to design edUcational applications in a fashion that
would facilitate their ultimate7sOcial acceptance, and proper use.

Computers as Intellectual. Tools

Computers can be powerful intellectual tools and media of expression. With
the aid of the methods of artificial intelligence, they can even be genuine-::
ly intelligent agents serving people in various roles. For example, cOmpu-
ters,can do arithmetical calculations, can perform symbolic algebraic mani7
pulations, and can, construct and manipulate graphs. They can be word pro-
cessors which facilitate writing, correct spelling errors; and make.
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suggestions about improved grammatical constructions. They can act as
secretaries, bookkeepers, and accountants. They can also be powerful aids'
for designing technological devices or works of art.

These capabilities of computers may profitably be explored in the following
kinds of prototype applications.

Computers as tools for educators. Computers could potentially be used to
facilitate greatly the administrative and record-keeping tasks of teachers.
This,rather simple application, explored in prototypical situations, might

. well show signifidantjncreases in the productivity of-teachers, their time
available to students, and their eductional effectiveness. Such results
would, of course, have obvious practical applications which could be readily,
implemented.

A more challenging task for prototype exploration is the development of com-
puter environments designed to facilitatethe authoring of computer-imple-
mented educational applications. In particular, such computer environments
should aim, to make authoring possible for people with minimal experiences in
computer programming. Furthermore, methods of artificial intelligence might
be exploited to incorporate within computers appreciable expertise about
particular subject- matter domains. The authoring of instructional materials
in these domains could therebybe appreciably facilitated.

Computers as tools for students. Computers,' available as tools. for stu-
dents, can today help them carry out many relatively simple -tasks which stu-
dents traditionally, ,spentyears learning to do unaided (.g., making arith-
metical computations, ,manipulating symbolic expressions in algebra, imple-
menting syntax:rules in computer programming,....). Various resulting impli-
cations may usefully be explored in prototype projects. and associated re-
search studies.

Some such projects should explore the extent to:Which such computer tools,
available to students, can provide increased time and opportunities to

teach such,students more tophisticated'intellectual skills (e.g., reasoning,
problem solving,...) important-in our.technological.society.

Other prototype projects might explore new teaching methods made possible by
the existence of such computer- tools. For example, traditionally one
teaches predominantly "bottom-up", i.e., one teachet first simple skills
such as arithmetic computation) and then builds upon these to teach more
sophisticated skills (such as solving realistically interesting problems).
But the availability of computers, which can perform simple tasks for stu-
dents, Would, allow one also to teach in reverse "top-down" fashion. Thus
one could::ttart quite early to teach problem solving or other sophisticated '

skills, using computers to carry out the necessary simpler tasks (such as
aiithMetic computations). An interest in problem solving might then after
.ards be used as a motivating and facilitating context to teach students
more of the simpler intellectual skills. '

Such prototype effolts suggest several questions worthy of study. (a) What
are the relative merits' of such bottom-up or top-down teaching methods? (b)
What intellectual skills are most needed by persons in a society where
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computers are increasingly widely available as intellectual tools? (c) What
are the corresponding implications for the-selection of appropriate know-
ledge and skills to be taught in various curricula? For example, when
arithmetic computations can so readily be executed by cheap calculators
practically available to everyone, is there still need to teach students
great facility in numerical computation? Or might it be sufficient to teach
them merely how to carry out, computations in case of need, but without
requiring great facility?

Learning Environments

Computers can be used-to design learning environments which can foster stu-
dent learning even in the absence of any formal instruction. Such learning
environments have been designed for various educational levels, e.g., the
LOGO computer language and "turtle geornietry", for use by quite young
children,5 computer environments foi learning to troubleshoot electronic
circuits,6 and others. The following kinds of prototype -projects would
be desirable to explore more fully the potentials of various learning-envi-
ronments.'

Access to realistic data. Computers can provide learning environments:Where
students have access to real data .(e.g., data dbOut populations Andj,demo-
graphic trends, economic 'data about various countries,...) and can use the
computer to facilitate computations with such data. Students would then no
longer be restricted to working with unrealistically simplified numbers, but
could work with information pertinent to realistic contexts. Such learning
environments could also be exploited to teach students useful knowledge
about modern computer-implemented data bases and the techniques needed to
work with such data bases.

Simulated laboratories. CoMputers can be very profitably used to create
learning environments simulating laboratory situations.

Such, laboratories may simulate real situations which might be encountered in
an actual laboratory. However, the simulation has the following advantages:
It is usually much less expensive than a real laboratory. It allows the
quick exploration of many possibilities and the systematic variation of many
relevant'perameters. (For example, it is possible to carry out large num-
bers.of simulated genetics experiments without waiting weeks for real bio-
logical organisms to giow.) It allows active exploration without danger of
harm to students (since simulated explosions are much more innocuous than
real ones). Finally, it allows students to focus their attention on cen-
trally important issues, without being,diStracted by the many logical de-
tails of real experiments.

Needless to say, such simulated laboratories are not a substitute for all
real laboratory work, but may often be very good preparation for actual
laboratory experiments.

Simulated laboratories also al,,ow the exploration of phenomena outside the
range of ordinary experience., For example, it is possible to explore, in

simulated environments, phenomena in outer space, phenomena at very high
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speeds near the speed of light, or phenomena at the atomic scale.

Lastly, simulated laboratories allow the exploration of hypothetical or fic-
titious situations not encountered in the real. world. For example, it is
possible to create simulated worlds which behave according to the,primitive
pre - scientific- conceptions of novice students. Students, left free to ex-
plore such worlds, would then quickly discover in what ways their own con-
ceptions are not adequate to explain phenomena in the real world.

All the preceding applications could usefully be explored in prototype situ=
ations.

Learning by doing. Effective learning is greatly fostered when students/are
actively involved and learn by doing. Computers can provide learning/envi-
ronments which can markedly facilitate such active learning." For example,
they can provide environments which can be .simplified to facilitate!a stu-
dent's independent learning by discovery - -and which can then gradually be
made more complex to match the increasing capabilities of the student during
the learning process. They can allow students to-formulate hypotheses, to
perform experiments in the computer environment, to analyzethe/results, and
to use these to modify the original hypotheses. :Moreover, they can after-
wards exhibit to a student a record of his or her thought processes, thus
helping to improve the student's intellectual performance/through, greater
self-awareness of his or her own thinking and learning.

Development and use of mental models. Computers permit the design of learn-
ing environments which help students acquire mental models to deal WrIth com-
plex phenomena or devices. For example, the simulated manipulation of
switches can be presented on a computer screen by /Corresponding displays
showing the'corresponding flow of electrons.in circuits--thus providing stu-
dents'with_useful ,mental models of the functioning/of electronic circuits.
Similarly, the computer can'help students to use alternative mental models,
e.g., by displaying corresponding visual or matheMatical representations of
the same situation.

Computers as Tutors

As already mentioned, computers can potentially be excellent 'non-human
tutors, available to every student and highly responsive to his or her
individual needs. The potentialities are particularly large if one exploits
recent methods of artificial intelligence to endow such tutors with more
human-like intelligence. The non-huMan tutor can then have genuine
expertise about the subject-matter to

and
taught, can use student responses

to diagnose the student's knowledge and understanding at any stage, and can
provide corresponding tutorial guidance. For example, such "intelligent"
computer tutors or "coaches" have /been constructed to teach some simple
arithmetic skills (e.g., in the /game of WEST), skills in electronics
(SOPHIE), or skills in medical diagnosis (GUIDON).7

It 'would be desirable to -have /good prototype projects demonstrating the
capabilities of computers as excellent tutors. Such prototypes might use
fully include both some which do not invoke the methods of artificial
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intelligence (thus more easily constructed and also implementable on micro-
computers commonly available today) and some which do use artificial intel-
ligence (thus more powerful' and suitable for microcomputers more readily
available a few years from now).

The following two aims sesm particularly worthy of pursuit. (a) Construc-
ting prototype computer tutors which, by virtue of good design efforts by
very good talent, can provide excellent instruction in a particular scienti-
fic domain, even without appreciable aid from human teachers. (b) Construc-

ting such tutors which can help to, conceptual and problem-solving.
. skills in scientific domains of appreciable difficulty.

Diagnosis'of Student Knowledge and Abilities

COmputers, programmed on the basis of an adequate analysis of human cogni-
tiye processes, can be used as diagnostic devices to ascertain quickly a
-student's existing knowledge, understanding, misconceptions, or intellectual
skills. For example, an existing computer program, (BUGGY8) has been
used, with impressive effectiveness, to detect a student's underlying arith7
metical misconceptions responsible for seemingly erratic errors made by the
student when adding or subtracting multiple-digit numbers.

It would be desirable to have prototype applications where computers are
used as 'diagnosticians to help determine underlying studentknowledge and
intellectual skills in more complex scientific or mathematical domains.

Such computer diagnosticians would make teachers more aware of' the various
intellectual components needed for good performance, would reveal to them
which of these components are deficient in the case of any particular stu-
dent, and would help uncover' hidden conceptual difficulties. Such informa-
tion would,. of course, be very valuable for planning appropriate instruc-
tion. (The design of computers for such diagnostic purposes would probably
also stimulate interesting research questions about cognitive processes.)

Intellectual Communities by_iTitting.

Prototype projects might also. explore ways of creating useful intellectual
communities by means of networks of interconnected computers. Such networks
would make possible beneficial communication and interaction between stu-
dents with similar interests or similar special problems (e.g., 'between

similarly handicapped or gifted students). The networks could thUs create
intellectual communities transcending the bounds of any particular school.
Beneficial results might include greater intellectual stimulation for stu-
dents, greater motivation for learning, and less psychological isolation for
exceptional students in particular schools.

Networking could also be quite helpful in creating improved interaction

between teacher or authors of educational programs._ Furthermore, the exis-
tence of such networks might appreciably facilitate the dissemination of new
educational approaches or programs.
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Integrated Application of the Preceding Potentialities

Although each of the preceding educational uses of computers is promising
and worthy of exploration, the combined application of these various uses in
an integrated way would'be particularly effective. For example, computers
could be used to design a learning'environment where students could ex-
plore, on their own, to,discover new knowledge; would have powerful computer
tools available to help this exploration.; could be judiciously guided in
this process by non - human tutors providing them with useful knowledge and
advice; and could interact with each othei.through a computer network. Such
an environment could, indeed, greatly facilitate effective and efficient
learning.

It would be highly desirable to have prototypes where the educational poten-
tialities of Computers would be explored, in such integrated ways, to pro=
vide instruction in a particular scientific domain. . The full educational
capabilities of computers could then be demonstrated in particularly con-
vincing ways.

Exploitation of Computers for Curricular Innovation

The increasingly widespread availability of computers provides opportunities
for :promoting and spreading educational innovations more effectively than
has traditionally been the case. The implementability of these opportuni-
ties might usefully be explored in some prototype projects. For.example,
new educational approaches incorporated in "software" programs, diStributed
to microcomputers widely available in schools and homes, could affect very
directly the learning of students and the perceptions of teachers. Such
software, if -sufficiently carefully designed, could thus be used to intro-
duce more modern topics in scientific curricula, to restructure commonly
°taught knowledge in' more modern and effective ways, or to teach more sophis-
ticated intellectual skills (such as problem solving). These opportunities
could also be exploited to promote'greater scientific and computer literac..,
among all students and teachers.

Computers in Teacher Education

Lastly, it would be desirable to have prototype projects which adequately,
recognize the new role of computers in the education of teachers. (a) It is
important to make teachers more familiar with computers and their use. At
least, teachers must know some of the potentialities and limitations of com-
puters encountered by them in their teaching positions,' and must have a
level of "computer literacy" not too inferior to that of many of their stu-
dents. (b) The education of teachers should make them adequately knowledge-
able about the educational application of computers, about new educatidhal
approaches, made possible by computers and recent insights into human 'thought
processes, and about new educational goals needed. to prepare students to
function in our technological society. (c) Finally, computers should be ex-
ploited as teaching tools in the actual education of teachers. This might
not only improve the education of teachers, but also make them directly
familiar with the educational applications of computers.. Such familiarity
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is particularly important if teachers are later to exploit computers in

their own teaching (since teachers tend to teach in the way in which they

themselves were originally taught).

Effective Implementation of Research

The kinds of basic and prototype research discussed in the preceding sec-.

tions are essential to ensure reliable progress for exploiting the educa-

tional applications of computers. However, the fruitful implementation of

such research and development is not easy. The fundamental difficulty is

that, while progress in computers and other information technologies has

been very rapid, systematic efforts to apply these technologies for educa-

tional purposes are in their infancy. In particular, the kinds of talent

needed for such-efforts are in short supply, public schools are unable to

undertake substantial efforts, universities are presently beset by financial

difficulties and prone to view education along rather traditional lines, and

business enterprises focus primarily on short-term efforts promising quick

profits.

The following'are a few suggestions fon overcoming some of the.difficulties

and ensuring effective implementation of the needed research efforts.

Investing Appropriate Talent

The talent, needed to exploit the educational applications of modern infor-

mation technologies and Cognitive science, 'needs to be more analytic and

scientific than much of the talent attracted to. education in the past. Fur-

thermore, this talent, like that needed to advance any other modern scienti-

fic or technological field, must be of first-rate quality. Hence it is now

important to attract to education ,some top talent which might otherwise go

into fields such as artificial intelligence,' computer science,

information-processing psychology, some natural science, or mathematics, or

some branch of engineering. (All these other fields are presently institu-

tionally better supported, more prestigious, and financially more remunera-

tive than education. The difficulties of attracting appropriate talent are

thus appreciable.)

Successful applications of computers, to provide good education in scienti-

fic or technological fields, require many different kinds of expertise

(e.g., expertise in the particular scientific or technological field to be

taught, expertise in cognitive science to understand sophisticated thinking

and learning processes, expertise.about computers and computation, expertise

about educational and graphic design, ...). It is increasingly unreasonable

to expect that all these different kinds of expertise can be adequately
possessed by a single person. Hence it becomes important to provide con-

texts where persons with different kinds of expertise can effectively colla-

borate in complementary fashion. Such collaboration requires more than

casual interaction between Tersons in different disciplines. InStead, each

expert in a particular field must know a substantial amount about the other

relevant fields to communicate intelligently with collaborating experts in

them.
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judicious Mix of Efforts'

At the present stage of knowledge about the educational applications of com-.
puters, it would be unwise to focus massive research effortsalong one or
two directions which might possibly not be very productive. Conversely, it
would be unwise to undertake so many diverse. efforts that limited resources
would be dissipated in efforts too small to be significant. A judicious
mixture of kinds of scales of efforts thus seems most advisable.

c.

In partiOular, it would seem 'wise to' have efforts pursuing basic research as
well as some implementing prototype projects. In each of these categories,
it would then be useful to pursue several (although not necessarily all) of
the lines of investigation suggested in the preceding sections.

Similarly, it would seem wise to support some relatively small-scale efforts
.which could encourage imaginative innovation and help to attract new:talent.
Indeed, some such small-scale projectS might have large pay-offs. On the
other hand, it would also be useful to mount some larger projects to "ensure
efforts with the criticalsize resources needed to accomplish some more'sub-
stantial tasks.

Educational R & D Centers 0

Research and development efforts directed at the educational applications'of
computers may often require resources.beyond those available to an indivi-
dual person or small group of persons. Hence we (members...of the Science and
Mathematics Group at the Pittsburgh Conference) strongly recommend the es-
tablishment .of some R & D (research and development) centers dedicated to
the furtherance of new scientific and technological approaches to edupation.
Such a R & D center should be widely accessible to educational researchers
and designers throughout the nation. Within the realm of education, it
should thus play a role analogous to that of one of the national labora-
tories in high-energy nuclear physics (e.g., the Fermi Laboratory).

Such an educational R & D center would fulfill the following functions:
(1) It' would provide the machines and supporting personnel needed to carry
out work on the educational applications of modern information technologies.
Expensive computers could thus be made available-to individual researchers
or developers who would otherwise have no access to them. (Indeed,
expensive computers may be needed to design practical educational programs
for student use a few years later. The reason is that the price of'the same
computer will by then have dropped so much as to be generally available ,tO
students:)

(2) The R & D center would provide the possibilities of fruitful collabora-
tion between the different kinds of expertise needed to produce good educa-
tional programs (e.g., between subject-matter experts, cognitive scientists,
computer programmers, workers in artificial intelligence, etc.).

(3) Such an educational R & D center should have a good permanent staff do-
ring ongoing work of-high quality. In addition (as in the case of the Fermi
Lab), the center should provide a working environment for numerous talented
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researchers and designers staying there for more limited periods of time.

Such visitors would provide the center with an influx of new ideas and would

ensure its continuing intellectual vitality. Some of the visitors would be

financially supported by the Center;., others would come there to work while

supported from funds or grants provided to them from other sources. The

work'initiated by visitors could be partially continued by students or other

personnel, even after the visitors have left--especially by exploiting the

communication facilitieS provided by networked computers.

(4) Teachers coming temporarily to such an educational R & D center could

provide_ educational designers useful information about student needs and

school conditions.. Conversely, such teachers would learn about new educa-

tional approaches and programs--and could thus help to diffuse new knowledge

and ideas to existing schools.

(5)' If such an educational R & D center were close to a good university and

affiliated with it, the center would also, help in training the new kinds of

people (teachers,. developers, and-researchers) needed to realize the educa-

tional opportunities of Computers.

A single R,& D center would run the dahger of becoming unduly fixated -on a

single educational approach and might thus suppress alternative points of

view. Furthermore, such a single center would not be conveniently accessi-

ble to visitors around the country. To ensure a healthy competition between

ideas-and adequate access, it would thus bedesikable to have at least two

such centers. One of these might predominantly be concerned with science

and mathematics, the other with language skills--although no sharp separa-

tion-between these interests would be desirable.

The advancement of any new field requires sufficient concentrations of good

talent supported by adequate'resources. If well implemented, the establish-.

ment of some educational R & D centers could advance significantly effective

educational applications of computers and improved scientific approaches to

education - -and could thus help meet the educational needs of our technoloqi-°

cal society.
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INTRODUCTION

The computer te7c1-rtion places great demands on our education systems.
Ame=_:ans -prepared for the new kinds of jobs and social roles
`1 -ate. -:echno:L2Jgv created, and they especially want their children to be

for era. Industrial cities around the country are under-
g cm-mpBrz.,t:17,Te -plans for attracting high-technology businesses andraining , work -.0rce. for them. Our school syStems are being asked to

1covide bettei science and mathematics .education, higher levels. of literacy
and trainability, and specific computer skills.

This demand for excellence and for new educational forms and content comes
at a time when schools face severe economic pressures., Budgets are shrink-
ing, good teachers are abandoning education for more lucrative fields, the
better students are tending not to enter the teaching profession, and a his-tory of shrinking in-service training budgets makes special efforts to
improve teaching techniques an added cost that must be considered while bud-
gets are being further cut. The dilemma our schools face is that teachers
need to learn new content and teaching methods if we are to succeed as a
technological society, --hut school systems cannot afford to incur the in-
creased costs involved ins oviding foi this professional development. At a
time when many teachers cell us that they make less than unskilled labor,
and pay out .of pocket fo'r the pencils their students use, it is unlikely
that the costs_of the nocesgary_training_can be passed on to them, either.

In fact, Americans must face these costs;
defense of our country. However, if ha
dismal as it might appear. The very tec
teachers has the potential for making
of science and technology have between

they are necessary to the economic
pens that the situation is not as
nology about which we must educate
em More productive. Several areas
em created the potential for using

the computer to improve education, to enhance teacher productivity by par -
forming tasks that do not require'''-their special' skills and by acting as
'assistants in tasks that demand more iii-feiiigence. These areas include a
broad range of activities in the fields of cognitive psychology and artifi-
cial intelligence as well as-the technological innovations that are making
computer power, in the form of microcomputer systems, more substantial, more
easily used, and more affordable. In the next few pages, we present several
examples of what affordable computers could do for education in the next
three to ten years and then briefly discuss the computer technology and the
specific knowledge needed for these possibilities to be realized. we then
turn to the basic purpose of our report, which is to indicate what role the
federal government can play to\catalyze 'local schools and the private sector
into developing and deploying the many computer tools that education for a
high-technology society needs.

What Is Possible?

The computer as a simulated laboratory. Recent research findings indicate
that many students, even after taking a physics course, do not understand
the basic mechanical principles that inter-relate force, mass, and accelera-
tion. They do not understand Newton's Laws of Motion. Their knowledge of
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the physical world is stuck at the level of'Aristotle while they live in the

world of Einstein. In a real laboratory, the sort that physics students

encounter, they can be shown the effects of forces on objects, but they mis-

perceive those effects. Now,. computer programs are available that allow

students to see what would happen if their naive beliefs were true and to

compare this to' what happens in a world governed by Newton's Laws. After

.all, computer animations can illustrate events that violate the laws of

physics. Further, many different. viewpoints can be provided that allow

attention to focus on how the student's current beliefs differ from the more

standard views. In essence, the computer says, "If your beliefs were true,

then this is what would happen, but in fact here is what happens instead."

Programs that generate the needed animations are available for classroom use

today. Programs that include a built-in tutor that could coach students

through individually tailored experiments aimed at their specific levels of

knowledge will be feasible in a few years..

Diagnosis of student progress in learning. While teachers haVe good, global

ideas of the relative abilities of their studentsy it is not uncommon for

specific knowledge deficiencies in some student to be taken,as sloppiness or

lack of prgctice. . A collaboration of industrial and_university-based

searchers has greatly improved our understanding of the different sources of

mediocre performance in arithmetic,, using the computer as a,tool. The ini-

tial laboratory approach was tkoluse the full power of a half-million dollar

computer analyze the answers of children 'to a set of 'subtraction

problems. A computer model of the specific mental acts required to success-

fully do subtraction was developed. Then, the computer attempted, to deter-

mine whether deleting one or tw
/0 specific steps in the subtraction procedure

would lead to the exact error /pattern a child displayed. In about a third

of the children studied, a spcific-knowledge deficiency was detected that

was the cause of a child's pr?blems. Experienced teachers could not detect

these weaknesses and would have simply kept asking the children to practice

their incomplete skills--to /practice doing subtraction incorrectly. The

diagnosis program has now been reduCed to fit onto microcomputers that many

schools already own. Within a few years, using more powerful micro-.

coMputers, it can be possible for the computer not only to detect missing

knowledge in arithmetic but even to provide some hints to the student that.

allow discovery of the missing steps that would result in correct perfor-

mance.

Networks to `improve literacy. We can imagine an exciting environment in

which students use advanced personal computer systems to access books in

distant libraries, to /send mail to their classmates providing them with

feedback on their latest essays, 'and to obtain advice from an automated

tutor about how to improve their reading.and writing skills. Their teacher

could use computer fools to diagnose individual students' diffiCulties

quickly and to devel9p appropriate material and intervention strategies. In

such a classroom, the natural use of the written word to find out about the

world and to interact with other children would result in integrated learn-

ing 'of reading and writing skills. Pieces of this world already exist.

Putting the pieces together and making such possibilities accessible to

teachers will require some hard work.
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What Is Needed?

These exciting possibilities will require more powerful coMputer systems.'However, we have experienced a continual decline in the price of computerpower, with prices of different components continuing to.drop one -fifth toone-third in price each year. Expert advice is that these price drops will'continue .for some time, long enough to assure that schools' current levelsof computer investments will within this decade be. sufficient to buymachines powerful enough to allow intelligent instructional systems to oper-ate in our classrooms and in many homes.

Our concern is with what will not happen automatically. The possibilitiesdescribed in the previous section are based upon our knowledge of recent
developments in artificial intelligence and other areas of computer science,
in the cognitive psychology of instruction, and in computer technology.
However, more work is needed for these possibilities to,be fullyrealized.The basic advice of this conference is that striking improvement in thequality and productivity of instructional Computer systems appears to beattainable but will not come to pass without a national investment.

Considerable software is being developed at the cottage industry level, atlittle. risk to publishers and other school suppliers, who pay only royalties
on actual sales. Mostof this software consists of modest extensions of oldprogrammed instruction techniques and video presentations of existingworkbook pages. Swamped by . the new world of computers, schooladministrators and teachers are so_ impressed° and challenged by even theseweak products that little is required to successfully market .them. Incontrast,. the development of0 significant intelligent computer tools foreducation willbe expensive and risky. Why should'businessmen exchange asure profit .on .the mediocre for a risky effort after excellence? Left togrow on the basis of market forces, the world ofcomputers in schools islikely to involve classrooms containing, students whO are isolated from' eachother by electronics, bored or confused by poorly degigned software, andrendered passive by systems whichdo not promote exploration or initiative.

We ask the federal governmentto take some of the intitial risks and to makea market for excellencein computer-based education. Specifically, werecommend the following:

The federal government should fuid a coherent effort to devel-
op prototypes of the intelligent instructional systems we be-lieve are possible. Such prototypes, can act as guides for pri-
vate industry and also as laboratories. for needed research on
the specific' processes involved in skilled reading, writing,
mathematics; and other intellectual performances, new ways toadapt to individual differences in aptitudes and progress in
learning, and the applied psychology of student and teacher in-teraction with automated instructional systems. They'wouldalso provide a vision of the range' of poesibklities for the
computer in education, forcing attention to the research issues
needed to achieve those possibilities, and:helping us to solve
the problems involved in bringing.new sources of learning power
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into the nation's many and varied school systems.

These four general recommendations, for a coherent, continuing effort, for

the development of prototype systems, for basic research, and for efforts

relating to implementation and teacher training are discussed in the next

four sections.

A COHERENT NATIONAL EFFORT

,,In order to be productive, the projects we propose should be integrated
I

into

coherent Combinations of basic research, prototype development, and field

implementation. The researchers who lay the foundations for improved uses

of computers in the learning process must be involved in field testing so

that research and practice can inform each other. Researcher interactions

with teachers as they learn to use these new tools is especiallyoimportant.

We see prototype teacher training efforts as a partial responSibility of the

researchers who are funded bas:rd on our other recommendationsAt'the very
least, those researchers should be major consultants in the do:.valopMent of

training systems, both to preserve the involvement,of-theknowledge producer

in knowledge application and because of the feedback,tharteachera, can
provide', through this mechanism, to researchers.

Projects should be large enough in scope and duration to provide clear

outcomes. None of the more exciting possibilities we have considered can be

realized, even in prototype form sufficient for testing, of efficacy, without

multiyear efforts by cooperating, interdisciPlinary, groups of researcheis,'--,

teachers, school administrators, and 'parents. The work need not be

restricted to a single institution; indeed this may be a serious limitation.

However, it should be concentrated in a small number of projects, ,eachof

which involves prototype development as well as basic research and/Or school

implementation efforts. This suggests an imaginative.funding'competition:

Both large and smaller initial proposals might be solicited, after which

existing multifaceted efforts that survive the competition might be funded

directly while smaller-scaled proposals that are of high quality might be

i ithe basis for the negotiation multi- institution iof a consortium.

DEVELOPMENT OF PROTOTYPE COMPUTER SYSTEMS

. .

Intelligent computer systems can contribute to current efforts to increase

the amount of reading and writing children do and the amount and quality of

feedback and guidance they recieve. we recommend thateVeral prototype
systems be developed to exploit this possibility. One important need'As to

develcp communication networks tying together classrooms, libraries, and

other information sources and information processing tools c1 a local,:.,Jra-

gional, and perhaps ,:national; level.- .Some.of these informatiOn-sourceS and

information processing tools are themselves targets for prototype resources

that are likely to\ substantially improve literacy instruction and are un-

likely to otherwise be developed and tested in any powerful form.
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Information Resources

Electronic Libraries

We recommend that one or more prototype electronic libraries be developed.
These libraries should be very large data bases of information that can
serve as source material for student writing. Having substantial material
available to students via computer network has several advantages. First,
it provides a common information source that is rich enough to support a
variety of writing tasks. Students can receive research assignments, Criti-
cize writing already in the database, synthesize different bodies of info-
mation, and perhaps even contribute information of their own. A second ad-
vantage of the electronic library is that teachers can receive training in
precisely the same environment available to students. Methods tried out in
practicum courses would not suddenly fail because they refer to books not in
the local school library. Techniques that worked at one school could be
published and used:intact by other schools (indeed, we assume that elec-
tronic school library systems will eventually be used by teachers to ex-
change ideas about writing assignments that have worked well). Finally, the
Skills of data base access and information retrieval are themselves part of
what will constitute literacy in the future, and students will best learn
these skills in the context of substantive information needs.

Indeed, scholarship has always involved finding., understanding, analyzing
and extending existing ideas, In that sense, what we are calling for is
research on new resources for accessing and analyzing information, along
with exploration of whether these new forms can used to improve the
scholarly abilities of our populace.

Automated Dictionaries

While the communications technologies make access to distant electronic
libraries feasible, other technologies allow the possibility of mass-produ-
ced local information resources. We recommend that the microcomputer and
videodisc technologies be used to produce intelligent, automated diction-
aries and thesnri. With such systems, for example, the "circulatory sys-
tem" could be explained by an animated visual presentation of blood circu-
lating in an'animal, together with explanatory text concerning the process.
Definitions of words could be accessed while reading, through touching the
screen, or while writing, by typing an approximate spelling.

This ease of access should make a qualitati ange in the way dictionaries
are used. For example,. there is some eviucnce that children who do not
learn very well are less prone to attend to precise meaning and to details
of a text. By decreasing the effort required to access -information about
terms used in texts, we may well create a situation in which slov:er learners
learn that precision and completeness in reading a text will result in bet-
ter learning.

Products Whichmakeexisting forms of reference information (e.g., di ;tion-
aries) accessible to computer systems already exist. The research - issues we
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raise are (a) are there new forms of intelligent reference systems that are

worth producing, and (b) how can automated reference systems be used effec-

tively in the schools. Given current research on vocabulary and its rela-,

tionships to intelligence, it seems likely that more than definitional in.-

formation will be needed, that automated dictionaries[will need to be smart

enough to teach differences In nuance between apparent synonyms, for exam-

ple.

Interactive Text

Similar benefits may come from extending the automated dictionar concept

even further, into the interactive text. The prototype we have in mind

would include the kinds of explanatory resources just described, so students

could ask to have a concept explained or a point elaborated. In addition,

the interactive text could have questions embedded within it, fdr students to

answer. Some analysis of children's answers to those questions would be

performed and subSequent presentations would be geared to the level of

understanding revealed by thbse answers. Interactive texts of this type

will make reading more like conversation with an expert.

Information Processing Resources

Coaches And 'Tutors

Artificial intelligence research has proceeded to the point at which a

variety of coaching and tutoring activities can be conducted by a computer

system. It is time to begin building prototype intelligent tutors so that

we can study the efficacy of such approaches. A writing coach could aid

students as they try to generate ideas and plan their writing. It could

also help students think about their. goals and encourage them to continue

writing. When the student has finished a:draft, intelligent text analysis

tools could analyze it in terms of spelling, grammar, and style and ,make

suggestions for revision. A computer coach might even!prompt writers to

read their'text reflectively and to use good strategies in revising the

text. In order to develop'high quality writing coaches, we need research on

the writing process'in skilled writers and in students at different levels

of achievement. On the other hand, the existence of preliminary systems

will greatly enhance and better focus such research.

With videodiscs and microcomputers, it also becomes possible to provide

students with models of skilled performance in many different tasksi such as

skimming, studying, generating ideas, revising text, etc. That is, children

could be ,,given access to interactive texts that explain what a CUlled

reader or writer does in various situations. In order to develop tutoring

systems fcr the various literacy skills, we will need to develop

computer-based models of skilled performance anyway, since tutorial systems

operate in part by%bomparing an analysis of what a student did to analyses

\,, of expert 'performance. Perhaps students can benefit from direct access to

these models as well as.frOm the tutoring systems that use them.
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Communication Networks

We recommend funding of one or two computer network projects. These pro-
jects should test existing network tools, building prototypes of new ones asnecessary. Computer networks can provide three different kinds of access to
information sources: (a) access to information and tools not available in
the classroom, (b) access by students to other students and adults with whomideas, and suggestions can be exchanged, and (c) access for. teachers to share
resources and ideas. For example, students might use a-network to help them
write about some topic, such as why the rainbow-has different colors. To dothis, they might send messages to their friends to ask for suggestions onwhat to read or advice on what tack to take in their writing'. They might
retrieve texts on rainbows through, the network from an electronic library.
Later they. might send drafts of their. text to friends for comments and sug-gestions. Such networks provide an environment where reading and writingarise in a natural context.

Networks, therefore, provide a powerful context for _learning to read and
write. They -also provide resources beyond the physical constraints of the
classroom, bOth for students and teachers. The cost of sending messages isquite low (even messages sent across the country cost only about 10 cents
each). However, one-reason for building prototype networks is to allow ex-
ploration of the relative economics of local and long-distance networks, to
learn what costs attach to what sorts"of uses, and to foster the development
of schemes that realize the exciting possibilities of information networks
for literacy instruction without the expense of free, unlimited telegraph
service for all school children.

Good local area network projects need to be sponsored. These should provide
exemplary prototypes of both hardware and software needed to support a
closely-knit user community within a school or a geographically constrained
user community.

Networks, Videotex facilities, data banks
4omputer-based bulletin boards are already

ever,' there is need for further support in
to richer analyses of usage, analyses that
nitive performance (task) analyses, and
measurements.

for parents and children, 'and
starting to be developed. How-
this area, with attention given
include observational work, cog-
more traditional achievement

BASIC'RESEARCH IN COGNITIVE AND SOCIAL PROCESSES

If we are to realize the potential of computer technology for helping stu-
dents develop as readers and writers, we need research of. several kinds.
First, we need to understand what motivates students to become active
readers and writers, and we need to understand how computers can be used to
support these interests and not liMit them. We must also understand how
computers can provide reader's with resources ranging from advice while read-
ing and writing to convenient library access. We need certain types of com-
puter science research that explores the uses of computer technology in
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diagnosing individual student's' difficulties with reading and writing, and
the uses of computers in helping students overcome problems. Finally, we

must remain alert to the effects, both desirable and undesirable, that

various uses of computers may have on students' patterns of development as
readers and writers and on the social organization of the classroom.

We have- several general 'recommendations for how research funding should pro-

ceed. One view of this research agenda encompasses all of cognitive and
developmental psychology and much of computer science.: advances of the

past two decades in cognitive psychology, linguistics, artificial intelli-

gence, and cognitive development are the basis for the exciting, ossibili-

ties for computers in education that motivate this report. We support

long-range national investment into these research areas limit our

recommendations here to domains of research from which we pect a shorter-

term payoff: enhanced design principles for interactive instruction and in-
formation retrieval systems for education. There:are multiple environments
and strategies for carrying-out this research. Some of it could be done in
relatively isolated laboratories; some should b.,/ carried out' in the context

of developing prototype systems; some will be enhanced by large, multi-dis-'

ciplinary research and design teams. In every case, we strongly urge that
the research integrate the insights of teachers and other education practi-
tioners with those of scientists. The development, of useful systems will
rest on the twin pillars of practical and theoretical knowledge.

Knowledge Retrieval

The basic research agenda in this area can be divided into three parts. We

need greater knowledge about: (a) How humans (young and old) store, process
and 'retrieve information already contained in their heads and 'how they can
improve the efficiency and effectiveness of these processes.. (b) How humans
(young and old) acquire new information from their environment--especially

computer assisted environmentsand. how to improVe this acquisition process.

(c) How information sources (documents and computer files, electronic and

traditional libraries,, printed and electronic dictionaries) can be designed

to facilitate information acquisition by humans. Without the better answers

to these questions, our design strategies for effective computer-huMan

interaction and retrieval systems will be primitive at best.

Retrieval And. Use Of Prior Informati on
.....

.Research should be funded that addresses fundamental issues human

long-term memory storage, organization and retrieval. It should address

such questions as the following:

(a) How well do students understand the degree of knowledge they have

about a particular subject? What prompts them to"search for addi-

tional information?

(b) To what degree must a person and a machine have the same

organization of information in their memories in order for one to
retrieve information from the other?
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(c) How can we produce or provide clues to students so they can
remember more, organike prior information more cogently, and
acquire information from other sources more efficiently?

(d) Under what situations (if any) do students overestimate .their
knowledge or believe false knowledge? Can this be identified and
remediated?

(e) How do the cognitive skills needed for effective memory storage
and retrieval develop? Should we structure information-rich en-
vironments differently for different-age children?'

(f) To what extent do cultural and social experiences influence
memory storage and retrieval processes? What effect should this
have on the design of computer-human interaction systems?

(g) What are the heuristic, strategies of persons (young and old) who
are skilled memory retrievers? Can these stfe.tegies be taught to
others?

Acquiring New Information

We recommend that some research funds be allocated for studies in the psy-
chology of human learning, information processing, and systems design.
Specifically, research is needed on methods fot improving student-computer
interaction (for all ages of students), and on modeling what a student knows
in order. to tailor presentations to his/her needs. The development of
models of skilled reading of familiar and. unfamiliar text is another
especially important task in this area. Other research questions that bear
directly on the desigri and use of intelligent systems include:

(a) What are effective human retrieval strategies (heuristics) for
familiar and unfamiliar rich data bases? What do we lose or.gain
by automating retrieval systems to as high a degree as possible?

(b) Are there differences in effectiveness between "bottom-up" (induc-
tive) and "top-down" (deductive) retrieval strategies? Are these
differences general, or do people differ in which strategies suit
them best?

(c) To what degree should the nature and complexity of computer refer-
encing and retrieval systems varX students of different any14.
or backgrounds?

(d) How can, students be prompted to make intuitive or anticipatory
leaps in the acquisition and comprehension of; new information?

(e) What are the best mixtures of teacher and machine assistance in
the acquisition of new information?
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Refining Information Sources

The Department of Education has already sponsored a successful project on

document'design. Results from that work will be of great utility in design-

ing effective information systems for ichools. However, there is need for

more specialized research that relates specifically to the possibility of

delivering information via intelligent machines. The questions listed below

illustrate the kind of additional research that- is important.

(a) Are different media (e.g., sound, text, pictures) necessary for
effectively transmitting different kinds o.e information to stu-
dents of different backgrounds,(age, prior knowledge, culture) for
different purposes?

(b) How do we best integrate text with sound and pictures

(particularly animations and films) for effective im.parting of

information? ,

(c) What kinds of cues, probes, and strategies can an effective
retrieval system use to make the human task easier?

'(d) How can interactive texts be designed to facilitate access to

relevant information at a level appropriate to the reader's skill
and knowledge level?

(e) How can the comprehensibility of text best be evaluated?

Comprehension And Writing Strategies

Research to date suggests that evensecondary-school students have difficul-

ty summarizing texts, defining main points, skimming text to abstract infor-

mation quickly, taking notes, and planning and revising compositions. SO

far, most research has focused on sentence-level reading and writing

activity, analyzing skills that are either spontaneously available or read-

ily taught. Higher level (whole text) activities such as summarization and
plannihg are clearly of equal importance, but are not yet as well under-
stood. We. envision computer aids that will help students by controlling

which information is presented and how it is paced, by highlighting portions

of the text, etc. However, we\need greater understanding of higher-level
literacy processes before we will know which possibilities are likely to pay

u f.

Self-monitoring And Intentional Control Of Text

Even afterwe identify the strategies most effective for various.reading and

writing tasks, we still face the problem of discovering effective ways to

teach those strategies; We also need to, assure that the automated tools
that we provide for students do not become barriers to better human skills.
Four strands of research are proposed with the intention of creating the
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research base needed to promote the design of effective computer programs
for assisting, prompting, and teaching effective comprehension and writing
skills.

(a) Theories of internalization of control. When the computer acts as
a mentor, its reasoning should be transparent to the stud.nt so
that the computer's strategies will be internalized by the stu-
dent. We need to know hos.-i such prompts become internalized so
that we can insure that their use will not encourage passive
strategies.

(b) Parameters for effective use of computer-based procedural iacili-
tations. We need to know when (and for how long) students should
be actively. coached throur1li reading and "writing tasks. We also
need to know. which mentor functions are best Carried out in the
social milieu of the classroom and which in the -more private space
of the computer terminal.

(c) Role of prior knowledge in effective use of mentor functions of
computers. The successful use of coaching techniques will also
depend on the materials and context in which they are applied. We
need to know more about these factors, to determine the conditions
of.prior knowledge most conducive to internalization of control
procedures and the conditions that will best foster learning of
new content in diverse subject areas.

(d) Training attention to cues useful in guiding writing or reading
processes. Difficulties in reading and writing are sometimes
caused by failure to notice the cues that an expert would use to
control reading and writing processes. For example, children may
write sentences which lack parallelism or paragraphs which are
poorly organized because they fail to notice lack of parallelism
or poor organization in'the text. they generate. Unskilled readers
may not take a sense of confusion in reading-a-teXt as a cue to
reread or to search the text for the answers to critical Ties-
tions. Research is needed to develop techniques for teaching stu-
dents to notice and respond to symptoms of inadequate understand-
ing or inadequate communication of ideas.

Diagnosis And Intervention

Teachers have difficulty in identifying students' literacy problems quickly
in their busy classrooms. They could benefit from interactive computer sys-
tems which make (or help to make) diagnoses of student skill levels. For
example, a diagnostic package which probed the students' ability to detect
problems in grammar and organization or to identify major points in a text
could alert the teacher early in the semester to Special needs of students
for remediation. As the complexity of di4gnOW7- assessment increases, new
psychometric models.based on cognitive theprial:, of competence in reading and
writing should be developed. These models may be used in guiding decisions
about how optimally to sequence diagnostic tests of reading and writing



should be developed. These models may be used in guiding decisions about

how optimally to sequence diagnostic tests of reading and. writing

They will, also help us. summarize and interpret complicated patterns of

errors in students' performance on criterion -reading and writing tasks.

Further, they will permit us to study and summarize changes in student's

diagnostic profiles over time.

As we discover powerful ways to diagnose students' reading and writing abil- n;f71

ities and difficulties it will become possible to combine diagnostic assess-

ment with coaching and tutoring of enhanced literacy skills. For example,61:

in writing it would be possible to summarize strengths and weaknesses of

writers in such areas as punctuation, grammar, diction, rhetorical organiza-

tion, and suitability of writing style for a given genre. In addition, it

might be posrible to assess strengths and weaknesses in editing and revi-

sion. Within each of these areas it then would be possible to tailor train-

ing in writing skills according to the kinds of problems encountered in each

area.

Diagnostic assessment and training of literacy skills by interactive compu-

ters may become an extremely important vehicle for overcoming' the

educational difficulties of students from special populations; students who

are handicapped or who suffer from learning disabilities have special educa-

tional needs which might be better met with computers. The same can be said

for students from non-English backgrounds or students from backgrounds where

English literacy training has not been extensive.

It is essential, as computerized intervention systems are developed, that

they be evaluated carefully. At least four questions must be asked of Such

systems: (a) Do they have any positive effects at all? (b) If so, how long

do these effect§. endure? (c) Are the positive effects transferable to

everyday academic language use and problem solving? and (d) Do the effects

replicate over different student populations, materials and environments?

Motivation

While solid research has yet to be conducted on this issue, we suspect that,

students' use of computers in classrooms. may affect their motivation to

learn in both desirable and undesirable ways. The availability of powerful

computing resources to help students acquire reading and writing skills may

enhance development of a personal sense of literacy, leading the student to

participate more fully and effectively in everyday ,classroom activities.

For example, availability of electronic mail systems. and use of computers to

create classroom newspapers may increase students' interest in using liter-

ate media as a means for. communicating ideas. This increased motivation to

read and write may have positive long term consequences for-learning.how to

learn, developing iaea.generation skills, and developing sooial skills. One

can also imagine negative motivational consequences arising from misuse of

computoltrized tools in the'classroom, Excessive interest in computerized

learning games as a means of entertainment may lead students to lose

interest in participating in tea0h4tr,01ed activities or sustained independent

work. Students Who arm; already pbOrly accommodated to the social' life of
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classrooms may become even more poorly adjusted. This may occur because
students become more.withdrawn as they interact less with other students and
teachers and more with computers. Some students may also lose self-esteembecauSe they find that they are not as skilled in computer activities asother children. We recommend research dealing with issues such as the
followings..

(a) What are the motivational consequences of instruction by computer,
teacher-led instruction, student group activities, and individual
seafwork? Which approaches should be used when?

(b) Computer literacy stands a chance of creating_ yet another area
where differences between the least able and most able performers-
create new social class diVisions. If less able students use
computers primarily for diagnostic and remediation purposes while
more able students are engaged in more creative activities, will
only the latter come to regard the computer as a powerful tool
rather than a taskmaster?

e"

(c) While computers can create motivating game environments, we do not
want to make students addicts of artificial reinforcement. There
is another potential problem. Ideally, in using a tool to solve a
problem, the user's attention should be on the problem and not on
the tools. Adding motivational features to a computer tool may
focus too much attention to the tool itself. Research addressing
these problems should be encouraged.

(d) How can computers be used to improve self- perception, social in-
teraction skills, and pride in computer literacy as a personal
form of expression?

HELPING' SCHOOLS BECOME COMMUNITIES OF EDUCATIONAL COMPUTER USERS

Even the best tools for computer-based education will not be widely used
unless (a) care is taken to put them in forms that solve school systems'
problems; and ('b) effort is allocated to teaching-teachers how to use these
resources. In this section, we present first a set of goals and concerns
that we feel should-pervade all national efforts to improve computer-based
education. This is followed by a set of recommended, activities related to
development and implementation of systems that can significantly improve
education.

Goals And Needs

Computer as Helper, not Master. The computer can be our servant in educa-
tion, a new kind of servant that.can be asked to do things we have never
before tried to do ourselves. We must be trained in order to best be served
by it., In our vision of new possibilities, we must also recognize the limi-
tations of our computer helper. A computer cannot replace human role models
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in education, nor is it smart'enough to supplant human teachers in their

sympathetic interaction with children. Our national goal for the computer

in edudation should be to find ways for it to help children learn, help

eliminate teacher tedium, and give the teacher effective support systems

beyond the capacity of parents, local schools, and school. districts.

Challenge of New Technology in DemocracZ. Some people fear that the

comp" tglx will increase the already wide gap between the haves and have-nots,

between those who use computers routinely in their hornet, and those who

cannot afford such luxuries. The danger of ignoring the special needs of

the educationally disadvantaged should be recognized, and policy should

ensure that this does not happen. If this tool is to be made available to

our schools, it should be made available to all children equally. A unique

opportunity of the new technology for education is to extend the learning

environment beyond the school and into homes. Yet, special care must be

taken to avoid intrusion on parents' rights and responsibilities and to

assure that equality of computer-related opportunities in the school is not

eroded by differences in home computer availability.

The traditional Jeffersonian aim of a universally literate democracy should

be extended to include computer literacy and math and science literacies, as

well as literacy in reading and writing. The computer can support this

traditional democratic ideal by its flexibility in filling, the needs of

special students, including the highly talented, the handicapped, and the

disadvantaged. Its potential as a tutor for special students should leave

the teacher free to teach in more individualized and imaginative ways. In

all this, the computer should remain an optional, not a compulsory tool.

Its use should be left to local wisdom and judgment.

Need for Training. Our experience ..with the introduction of educational

television suggests that schools and school districts must plan for staff

training if newtechnologies are to be fruitful in the classroom.. If we do

not assist our underpaid teachers in the task of learning about computers in

the classroom, the enterprise will fail. Teachers as well as students and

parents need our help both in advice and training, and we also need to

engineer the classroom computer tools we build so they are understandable

and usable by a wide range of people. Electronic technology is no longer

the domain solely of engineers and scientists. Computers are for everyone.

Professional development resources relating to computers in education must

be extended not only to' the math and science teachers but also to teachers

of reading, writing, and other skills we expect in our citizens. .

General Policy Recommendations

Research On Computer Potentials

The U.S. Department of. EducatiOn.should support innovative and far-reaching

research designed ,to analyze the potential of computers for improving educa-

tion in order. to help policy makers,' educators, publishers, and manufac-

turers-anticipate the consequences-of introducing computers on a broad scale

into education. It is important to anticipate the 'changes computers are
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bringing before the effeCts of these changes are widespread.

Analyses should include research on new roles for teachers, new organiza-
tions for classrooms, and new educational settings. For instance, analyses
should be concerned with the following roles: (a) the role of the teacher
as selector of existing courseware, as courseware developer, classroom
manager, coordinator of "intellectual communities" established through com-
puter networks, and as creative tutor and coach; (b) the role of the student
in peer tutoring, network "community" member, database user, courseware
developer, author, and editor; and (c) the role of the administrator as the
person responsible for learning resources and computer courseware develop-
ment centers, as a teacher training specialist, as network library coordina-
tor, and as research and development liaison coordinator.

J.-

Other innovations should include research on new organizations of students
beyond and within the classroom that may result (or be worth trying) when
powerful computers are introduced into education. Furthermore, careful
consideration should be given to new definitions of curriculum, of
instructional research and development, and relations between the school and
\commurlity. Our perception of community may change, too, as computer
\networks increasingly extend across regional and national boundaries. We
should explore the potential of such international exchanges.

The use of computers in schools raises a number of economic issues.
Research should be undertaken to analyze the cost and benefits of
alternative forms of. hardware and software, of retraining, and of authoring
systems.and other instructional software programs. Financing computer use
in the'schools, and the benefits of cooperative, development of software,
should be reviewed. Another research focus should concern the economic
impact of computers on labor intensive school organizations.

Quality Wsurance

The softwareinitially sold to school systems was mostly of mediocre quality\.

or worse. A variety of initiatives will be required if this situation is to
improve to the"\Acoint where we can think of computers_ in the schools as a
major factor.in'1bstering excellence in education. Efforts should be made
to .integrate practitioners, scholars, technical experts, and other
appropriate persons, into the computer systems development process. This
will require such research as the following:

(a) ObserVational research on the use of computers various educa-
tional settings, looking for constraints or barriers to implemen-
tation, and possible ways to Overcome those barriers and con-
straints. .

\

(b) Efforts to establish university-school-pUblisher collaborations to
design, develop, implement, and, evaluate software.

.

(c) Greater concern for educational applications in such basic compu-
ter research as the Audy of human-machine 'interactions-and the
ergonomics of hardware designs.
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(d) Research. on systems for field testing and evaluating all

courseware, not just prototypes. Quality guidelines should be
established for authoring systems, for instruction and assessment,
foriselecting software programs; for field testing and evaluating

in -school settings, and for developing software in the private
sector.

(e) The development of an automated data base of information on

computer tools for education, common languages for authoring, and
demonstration collections of courseware materials.

Training Prototypes

Teachers .of reading, writing, language arts and English need continuing
education.. In addition to subject-matter revitalization, as can be by such
resources as the National Writing Workshops, there will need. to be

opportunities for teachers to become familiar with computer resources and to
learn how to use them well. Excellence in the technology-driven education
world we are entering will require the development' and evaluation of

innovative prototypes for training present and future school personnel.
Possible sources of such training include research and development centers,
labs, summer institutes, teacher-training institutions, and the schools

themselves. Obviously, some of this training might itself be delivered by
computer. Teachers being trained should be provided with on-site use of
computers for experimentation, and provision should be made for text

materials, demonstrations, teacher models, practice opportunities with
feedback from. the teacher trainer, follow-up monitoring, and other support
services. It is important that training efforts be based on the best
instructional research, and that they undergo field testing, to ensure high
quality..

Long Term Evaluation

We also recommend long-term on-going evaluation of computer uses in schools
to assess the effects of individualized computer-based instruction on. the
achievement and self-concept of students. Studies should-be 'conducted to

compare computer-based instruction to altetnative approaches. Other

assessments. should review the effects of hardware and software on such

student variables as achievement, time-on-task, self-concept, and attendance
and on such teacher variables as effectiveness and burnout. A broad study
of the.impact of computer and video technologies on children's development
should be-- considered.

Specific' Funding Recommendations

Our specific recommendations for development and implementation research

fall into the following four areas:
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(a) The classroom as a community. We need to assure that computers do
not destroy valued aspects of classroom instruction and td foster
the effective use of computers in classrooms.

(b) Professional support .for teachers.. We need to avoid both the
actuality and the perception that the computer is being used to
further subjugate teachers or to deprofessionalize their role.
This suggests that effort should be directed toward prototype
systems that can save teachers' time and free them for
professional development, better lesson planning, and more
one-to-one interactions with indiv:;_dual children that can improve
the excellence of American education;

(c) Computers in the broader community. We recommend research on
networks to interconnect, classrooms and other places where
leaining happens, such as the home; arrangements for the
involvement and training of teachers and parents; and the
possibilities for better articulation-of learning at home with
learning at school in an information-rich world.

(d) Computer literacy. We need to teach our fellow citizens about
computers. A number of the recommendations made to deal with
other concerns will help solve the problem Of teaching parents,
teachers, and students what computers can do, how they work, how
to use them, and the general skills of problem solving. that are
needed to use them with facility.

The Classroom

The classroom has evolved over the years as our primary mode of instruction
for school children. Adding computers to the classroom must be done in ways
that do'not destroy the good already present. This suggests that there must
be careful analysis of the patterns of interaction in non-computerized
classes as well as those to- which computers become available. Further,
there is need to provide advice to schools on the kinds of classroom
arrangements that work best when computers are used.

Currently, social interactions between students in class tend to be limited.
Very little of the school day is spent in serious team efforts, even though
we rely heavily on our schools to teach children how to work together to
solve problems. Computers can help or hinder peer interactions. In the
worst case, they will reduce learning to an even more solo activity. In the

---best-case, they Can create the possibility for significant peer interactions
in the solving of problems and the development of understanding.

Prototype Research should be supported that
leads_to_wellnmotivated_prototype_designs___for_coMputerized-learning facili-
ties: computers in classrooms, combinations of in-school and out-of-School
facilities, and, if it should prove effective, resource center arrangements.
DeMonstration sites that can be .evaluated will be necessary. Such sites
should emphasize joint involvement of students, teachers, and parents in the
learning process. Again, they should address the issue of when computer-



based activities are effective, not just whether they are. Prototypes that

assure students free and rich access to the computer throughout the day are

especially important.

Making students more able to learn. It is important to create systems for
students. that allow (and help) them to make their own reading and writing

tools. A general purpose computer language that is specially adapted to

language (in the way the LOGO "turtle" facility is adapted, to geometry)
could be used by students to develop their own reading and especially writ-

;..ng tools. For example, a computer language based on topic-comment linguis-

tic'enalysis could haveprocedures-to amplify operating primitives such as

:"genre, "tense," -audience," "man," "sad" into personally stylized text

Structures that communicate effectively and forcefully. The goal we propose

is a prototype computer environment which emphasizes peer -interaction in

-:SuCh activities as planning of compositions, classroom newspapers, and group

business enterprises :,.;mulated on the computer.

Human en ineerin of com uter s stems for s cial students and for grou

activities. Display devices and input facilities for group use of computers

'ahoUld 'be:encouraged. We expect such resources to be developed for business

Use by :private enterprise and hope that as this happens, they will be

deployed in some of the proposed exemplary prototype R&D activities.

?Special popUlations, such as. the deaf or blind, should have specially

°adapted tools that help them read and write effectively. Appropriate

computer use of visual or auditory natural language interaction is poSsible

now and can be made available to this popUlation.

Teaching Teachers And Administrators

One important way to assure that teachers invest the efforts that will be
required,for them to become facile computer users is to assure that some of
the innovative development efforts are aimed at saving teacher time.' As

discussed above, teachers need more time if they are to achieve excellence

in their efforts: fore continuing education.for lesson planning, and for

individual effotts with students. Each of the multiple roles of the teacher

begs for technOlogiCal support and transformation. Many roles require tools

similar:. to thoteauggested- for the learner, including assists for informa-

tion, creation, modification, transmission, location, and access. Besides

th04e,Tother roles, specific to the teacher, could include (a) systems to

teach teachers how to use specific courseware products; (b) ,systems to

demonstrate to teachers the possibilities of sophisticated learning inter-

action formats, such as simulation,. Socratic dialogue, intelligent prompt

fading, .or gaming; (c) systems for authoring or customizing instructional
software; and (d) systems to support feedback and grading functions.

Feedback, grading and other teacher aids. Prototype software should'be

developed for the annotation of student
as

assignments' by teachers.

Effective use of pointer devices such as the mouse and of'menu displays
would allow teachers to build libraries of standard comments that could be
mapped, onto a student's essay by pointing in turn to a location in the essay

and a comment on a"feedback menu. In addition, grammar correction and text

,summarization systems would help save teacher time. Prototype network



systems that are developed for schools should include dwrices for enhancing
teacher productivity, such as on-line homework assignment listings, lesson
planning aids, and "blackboard note" recording systems. Loudspeaker an-
nouncements might be replaced in many cases with computer mail, if the sys-
tems are appropriately designed.

Software authoring and customizing systems. No national agency, whether
government or.publisher, can decide what is best for all students in all
schools. Therefore, it is essential that teachers be able to modify
instructional software systems to suit the needs of their students and the
'community they serve. One step toward this end is the 'development of
software authoring' languages that teachers can use to adapt software to
their specific needs. A project should be launched to research and develop
an instructional authoring system that would be based on a theory of
instruction.

Such a system should define instructional operations, such as presentation
of information, menu choices, or student assessment in terms of lioftware so
that programming these tasks would be relatively simple. It should provide
for appropriate implementations of language subsets to permit authoring
systems to be used on machines of limited capacity and by both instructional
resigners and classroom teachers.' It should also facilitate movement of
courseware from one system to another, by. creating virtual instructional
machines (for example,. all courseware could reference a virtual sc:7een of
infinite resolution, which could then be mapped onto the screen for any par-
ticular machine; the North American Presentation Level Protocol Standard is
a good example of this approach). Such a system should be a rich environ-
ment full of the tools designers and developers need to produce good
instruction, including 'programs to support task analysis, student response,
parsing mechanisms, and graphic editors.

A courseware development center. Courseware utility increases with
efficacy--indeed, utility and efficaCy may be the same. Efficacy is a func-,
tion of such things as the appropriateness of the design of instructional
messages, graphic layout, and learner-computer interactions. These features
should be identified and' information about them disseminated to developers
and, perhaps, embedded in authoring systems.

The scope of authoring systems can vary enormously. On the one hand, sys-
tems can be adapted for 'machines no more powerful than can be found in
classrooms with standard peripherals. On the other hand, it is possible to
create a computationally rich environment, specifically for creating course-
ware, that fully exploits the audio-visual and instructional capabilities of
classrOom computers. Such a rich development center needs to provide full
opportunity for dedicated teams of talented experts, in a wide' array of do-
mains, to apply their creative talents together to produce courseware. of
high quality. These production teams need the skills of teachers, subject
,matter expert6, visual designers, graphic artists, creative writers, compu-
ter graphics people, and other experts.

Tellin5 teachers and lay people about uses for the computer in educatior.
Teachers and parents need to know what kinds of effective uses of computers
are currently poSsible. At one level, this could be seen as a science re-
porting problem, but it is more than'that. It is quite uncommon for



fundamental research to lead to successful innovation in real applications
without preserving the involvement of the basic researcher in the develop-

ment'process. Most information dissemination systems. which attempt to bring

new knowledge to the practitioner fail unless they involve -the knowledge

producer. Thus, we see the need for information dissemination that involves
every project envisioned under these recommendations.

The contractor'meetings of the Office of Naval Research'are a good model for

a part of this process. In those informal meetings, representatives of the
applied research and development groups in the military services interact
'with basic researchers and share problems and ideas. The process is facili-

tated by the principle that the informal interaction, and not a formal docu-
ment, is the goal of the meeting.

In addition to such informal interactions, though, a research center or a
larger' research contractor involved in other projects we have proposed
should have the additional charge of producing information on computer usage

for the schools that is understandable and applicable by. teachers and

parents. Such informational products should include reports. of research
results and their implications for excellence in education, critical guides
to available computer resources, and models 'of effective computer deploy-
ments,and .usage at different levels cf computer power, such as one machine
per student, one per classroom, a few for an entire school,- and combinations

of home and school availability. Reports should incorporate successful
activities generated at the local.level and perhaps include analyses of why
'those innovations were successful and how they can be replicated.

We recommend evaluating alternative methods for wide dissemination of infor-

mation about instructional, manai4ement, and other applications of computers
in schools. ,Computer networks are an unparalleled resource for rapid dis-
semination of information. Alternative methods to be evaluated 'Should in-

clude regional resource centers for the support of teachers and program

developers in local school systems.

Tools for administrators. Administrative activities range from the class-

room through the school to the school district, For each, administrative
efficiencies can be greatly improved with the application of organizational
computer tools. Simulationand modeling have proven their worth with expert
systems devoted to analyzing throughput in factories. Similar tools, based

on AI expert systems, for allocating scarce software, hardware, people,

student, and building resources in educational administration attall levels
could easily prove their worth and make more efficient use of scarce tax

dollars.

A Community Of Learning Beyond The Classroom

Part of the work of learning, ,even school learning, is done outside. of

school': Students are given homework for a variety of reasons. It offers a

chance to reflect on problem% outside the regimented -time schedule of'ctile'
fifty-minute hour. It provides the additional practice that can be done
largely without teacher assistance -(or.at least is not the highest priority

use of teacher time). However, the home cats be an, incomplete environment

for learning. There are usually fexoer reference,, workS. No one may be
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available with whom to discuss a problem. Even a phone conversation with a
friend is difficult if the object of discussion is an essay the friend
cannot see.

11

If the computer-based learning environment moves beyond the walls of the
school, homework can change substantially. The resources of the classroom,
if translated into machine-readable form, can be available outside the
.school. Groups of students can work together even if they live in different
.parts of town. The work of learning can occur at home as well as at school
and in ways that go beyond homework as we currently know it.

If instructional computer networks are extended to places outside the
school, such as the home and local libraries, then parents can be active
participants in this extended learning process as well. However, a commun-
ity of learners can only exist if its participants have become socialized in
the.ways of interaction. Parents need both specific traning in network in-
formation access, and, more generally, a chance to keep up with their
children. Our society depends upon a respect for the wisdom of age that
will be 'seriously eroded if the computer revolution leaves parents and
teachers:behind.

Exbiting new possibilities occur when computers pervade home and school. A
tool used in school may also be useful to parents. For example, we were
told of a student who used,' the computer for interest rate problems one day
and came back the next with speCific problems his parents wanted solved so
they could decide whether they could afford to buy a certain house.
Prototype projects in this area may involve joint .participation of
researchers-, a school system, and manufacturers.

However, these visions must be mediated by the realities of a world in which
providing pencils to students is a burden some teachers meet out of pocket
and in which the costs for home and school machines Will compete with
demands for teacher salary improvement and tax reductions. .The value of a
higher capital investment in Computers for education must be demonstrated,
with care in visible, criticizable, azsessable exemplary prototype
.projects.

Computer Literacy

We define two levels of computer literacy. At the minimal level the user
can access and passively use already prepared programs. At the basic level,.
the computer user can actively work to modify and write materials of his/her
own. We believe all children should achieve minimal competency and that
many should achieve basic competency. However, we believe computer literacy
is -a by-product that cannot best be achieved by direct instruction.
Children and other members of the community become computer literate by
using computers to achieve other goals. Thus our primary recommendations

. for fostering computer literacy are already contained in other
recommendations. For example, we proposed networks that would allow less
able users to communicate with and learn from more able users, authoring
languages that are easily used by teachers, students, and parents, and
"autonomous" software that even inexperienced individuals can use freely and
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independently. These developments would aid all members'of the community to
become computer literate at the minimal or basic level. We do have the
following two recommendations for sponsored research aimed directly at
computer literacy.

A person trying to use a computer to do something often receives more
immediate information about the success of his/her efforts than when using
more traditional approaches. In this respect computer literacy is different
from other subject matters. The writer of an essay or reader of a,.,story
does not know immediately whether it is successful or not. For this reason,

unique forms of instruction may be usaful in teaching computer literacy.
For example, it is clear that children do teach each other to use computers.
It may be that peer *tutoring and individual exploration, can have usefully
expanded roles in this area. We recommend the development and extensive
investigation of prototype instructional software and methods that show
promise of being particularly effective and efficient in teaching computer
literacy.

Computer literacy is particularly crucial for students in vocational, tech-
nical, and business courses. If computers are not used in these .courses,
students will emerge with incomplete and unmarketable skills, such as typing
without 'word processing and diagnosing and repairing engines without

computer tools: Guidance activities will inevitably be computerized, too.
As we recommended earlier for English teachers, we recommend the development
of prototypes for in-service workshops and autoncmous instructional programs
to -increase guidance counselors' and vocational-technical teachers'

knowledge of computers.

U S GOVERNMENT PRINTING OFt 1'01-38 1-054: 135

264
2 6 1


